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1.   INTRODUCTION 

a.    Statement  of  the  Problem: 

The  expenditure  for  procurement  of  transit  rolling  stock- 
buses  ,  locomotives  and  coaches  -  is  an  important  component  of  the 
capital  requirement  of  public  transit  agencies.   The  age  of 
equipment  significantly  determines  the  customer  comfort,  reliability 
of  operations  and  maintenance  expenditure.   In  the  absence  of 
government  financial  assistance,  comfort  and  reliability  were 
sacrificed  and  outdated  transit  equipment  was  often  maintained 
at  relatively  high  cost. 

The  long  lead  time  necessary  for  the  procurement  of  rolling 
stock  requires  advance  planning  and  federal  capital  grants  approval. 
One  of  the  objectives  and  a  requirement  of  the  1974  Act  establishing 
the  Regional  Transportation  Authority  in  Northeastern  Illinois  is 
to  plan  annually  for  the  capital  need  of  the  transit  agencies  for 
the  next  five  years.   Capital  improvement  programs  must  be  based 
on  available  funds  as  well  as  economic  evaluation  of  competing 
projects. 

According  to  a  1974  study  of  the  transit  operations  in  the 
Northeastern  Illinois  by  Simpson  and  Curtin,  the  average  age  of 
CTA  buses  in  1976  was  8.6  years  and  that  of  other  bus  operators 
was  14.8  years  (1) .   Table  1-1  presents  a  summary  of  age  of 
rolling  stock  of  the  region's  transit  system  in  1976.   Acquisitions 
and  retirements  since  19  74  are  not  accounted  for.   The  age  summary  is 
indicative  of  the  substantial  need  for  replacement  of  most  of  the 
rolling  stock  items. 
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TABLE  1-1 
AGE  OF  TRANSIT  ROLLING  STOCK  IN  NORTHEASTERN  ILLINOIS  IN  1976 


Transit  Operator 


Age  in  CTA 

Years         Buses 


Rapid 
Transit 


Sub.  Bus 


Sub.  Trains 


Coaches 


Locomotives  |3 


0-1 
2 

3  50 

4  50 
5 

6 

7  50 

8  42 

9  150 

10  or  more      2,102 

TOTAL  2,444 

Average  Age 

in  Years       8.6 


150 


949 
1,099 

21.1 


Less  than 
4  years 
91 


4  to  8 

years 

77 


More  than 
9  years 
276 


444 


14.8 


851 


127 


18.7 


Based  on  Public  Transportation  Systems  in  Northeastern  Illinois, 
Summary,  by  Simpson  and  Curtin,  Januarv,  1975.   The  study  v/as  prepared 
for  the  Regional  Transportation  Authority  (RTA) 

Some  were  rebuilt  in  recent  vears.   Most  are  older  than  10  vears. 


-2- 


b.    Objectives  of  this  Report: 

The  objective  of  this  report  is  to  present  the  findings  of  a 
research  study  to  develop  rational  basis  for  replacement,  rebuilding 
and  procurement  of  rolling  stock  -  buses,  locomotives  and  coaches  - 
by  the  Northeastern  Illinois  Regional  Transportation  Authority  (RTA) . 

This  study  examines  various  criteria  for  decision  and  presents 
Life  Cycle  Cost  (LCC)  analysis  as  the  most  appropriate  approach  to 
determine  economic  life  span  of  equipment,  select  least  cost  bids, 
decide  between  rebuilding  and  new  purchase,  and  equipment  management 
to  minimize  per  mile  cost.   The  philosophy  as  well  as  the  mechanics 
of  LCC  for  replacement  analysis  of  transit  rolling  stock  are 
presented. 

The  LCC  approach  is  applied  to  current  transit  buses,  diesel 
electric  suburban  service  locomotives  and  coaches  using  available 
data  on  cost  of  procurement,  maintenance,  reliability  and  de- 
preciation and  factors  contributing  to  higher  operating  expenditure 
attributed  to  age  of  equipment.   Because  of  limited  data  for  loco- 
motives and  coaches,  the  present  study  uses  the  manufacturer's 
simulated  cost  data  for  locomotives  and  the  analysis  of  replacement 
life  of  coaches  is  deferred  until  some  future  date  when  basic 
data  on  costs  are  available. 

With  the  assistance  of  good  quality  suburban  bus  maintenance 
data  which  the  RTA  has  collected  in  the  second  half  of  1977,  this 
report  demonstrates  the  applicability  of  LCC  analysis  to  a  variety 
of  rolling  stock  management  problems,  such  as  output  level, 
replacement  interval,  and  economic  evaluation  of  major  repairs. 
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This  study  provides  a  groundwork  for  systematic  data  collection 
for  various  cost  components  of  rolling  stock  and  furnishes  an 
analytical  framework  to  employ  extensive  data  banks  for  fleet 
management  decisions. 

c.    Background  and  Scope  of  Research: 

The  transit  Rolling  Stock  Replacement  Study  was  included  in 
the  Unified  Regional  Planning  program  for  the  Chicago  Metropolitan 
Region  for  Fiscal  Year  1977.   The  mission  of  the  study  was 
development  of  an  analytical  framework  to  support  policy  decisions 
on  the  question  of  when  to  repair  or  replace  an  item  of  rolling 
stock.   The  study  proposal  placed  significant  emphasis  on  minimizing 
life  time  cost  of  operating  and  owning  the  vehicles.   This  initial 
study  proposal  assumed  availability  of  life  time  cost  of  transit 
vehicles.   The  project  was  allocated  $75,000  of  which  $50,000  were 
given  to  the  CTA  for  CTA  buses  and  rapid  transit  cars  analysis, 
the  remaining  $25,000  to  the  RTA  for  RTA  buses,  locomotives  and 
suburban  coaches. 

In  the  second  half  of  1976,  the  RTA  contacted  some  of  the 
carriers,  including  the  CTA,  suburban  bus  operators  and  railroads 
to  determine  the  availability  of  vehicle  histories,  costs  of  main- 
tenance, efficiency  of  vehicles  over  time  and  similar  information 
for  constructing  life  time  cost  of  current  rolling  stock  inventory. 
It  was  soon  realized  that  such  data  are  practically  non-existent. 
A  variety  of  vehicles  and  different  models  inhibit  construction 
of  life  time  cost  tables  at  this  time.   A  concerted  effort  to 
develop  a  uniform  data  base  must  precede  the  task  of  construction 
of  replacement  schedules.   The  need  for  a  rational  policv  for 
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orderly  replacement  of  rolling  stock  is  indicated  by  this  lack 
of  basic  statistics. 

In  August  of  1977,  the  RTA  instituted  a  limited  survey  of 
maintenance  of  locomotives  and  coaches  at  the  Burlington  Northern 
and  Milwaukee  Road  shops.   The  survey  yielded  five  (5)  months 
of  maintenance  history  and  an  understanding  of  record  keeping  by  the 
railroads.   For  various  reasons,  decribed  later,  it  was  found 
impractical  to  construct  cost  schedules  of  locomotives  from  this 
survey.   Present  record  keeping  of  the  railroads__did  not  permit  a   ^ 
survey  of  maintenance  of  coache^  For  RTA's  approximately  500 ^^^**^^-i^-^*^ 
buses,  a  detailed  vehicle  maintenancer^poTting  "systemwas  installed 
IrfJ^ine  1977,   This  information  system  provides  a  detailed  cost 
account  for  every  bus,  including  mileage.   A  six  month  summary  of  bus 
costs  from  July  through  December,  1977  is  the  basis  for  the  present 
study.   In  additii»ft,M£he  CTA's  regular  publication  "Vehicle  Series 
Cost  Report"  gives  per  mile  maintenance  cost  by  bus  vehicle  series 
for  each  of  the  13  four-week  periods  a  yearj  Increasing  cost 
of  maintenance  with  age  is  quite  apparent  from  these  records.^ 
Since  suburban  bus  fleets  and  maintenance  practices  differ 
significantly  from  the  CTA,  the  present  study  uses  the  suburban  ^^rif^^^ 
bus  data  only.   Further,  cost  data  for  individual  CTA  buses  are 
not  available. 

Compared  with  the  original  intentions,  the  present  study  is 
limited  by  lack  of  a  cost  history  of  vehicles.   Even  if  general 
cost  data  were  available,  a  comprehensive  study  of  each  vehicle 
and  specific  policy  formulation  are  beyond  the  scope  of  the  present 
effort  for  the  time  and  cost  involved.   Further,  there  are  always 
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non-quantifiable  objectives  and  constraints  that  must  be  accounted 
for  in  replacement  decisions. 

The  present  study  makes  a  valuable  contribution  in  defining 
the  methodology  for  addressing  the  vehicle  management  problems  and 
demonstrates  the  versatility  of  LCC  approach  in  decision  making. 
The  results  of  this  demonstration  effort  are  subject  to  revision 
as  more  reliable,  factual  data  on  vehicle  costs  become  available. 

d.    Contents  of  this  Report: 

This  report  examines  various  criteria  affecting  rolling  stock 
replacement/rebuilding  decisions  of  the  public  transit  industry,  anc 
suggests  the  life  cycle  cost  analysis  as  the  most  valuable  tool  for 
transit  management.   These  criteria  are  examined  in  Chapter  2. 
Various  components  of  life  cycle  cost  of  rolling  stock  are  reviewed. 
Only  major  costs  that  are  affected  by  use  or  length  of  ownership 
are  included,  such  as  procurement  cost,  reliability  cost, 
depreciation,  maintenance,  and  fuel  consumption. 

The  basic  concept  of  life  cycle  cost  analysis,  a  review  of 
existing  literature  on  the  subject  and  important  applications  are 
presented  in  Chapter  3. 

Optimum  life  analysis  of  buses  and  locomotives  is  presented 
in  Chapters  4  and  5  respectively.  In  each  case,  the  life  cycle  cost 
of  vehicles  are  presented  with  various  assumptions  on  discount 
rate,  depreciation  schedule,  maintenance  cost  increase,  and  eff icier 
decline  with  age.  A  range  of  optimum  vehicle  life  is  presented  bas€ 
on  some  plausible  assumptions  on  increase  in  real  costs  of  maintenar 
price  of  replacement  vehicle,  fuel,  and  the  quality  and  reliability 
of  service,  subject  to  further  refinements. 

-6- 


Chapter  6  outlines  the  future  work  in  replacement  analysis 
using  LCC  approach.   Development  of  cost  information  oriented 
to  each  vehicle  and  per  mile  output  cost  related  to  vehicle  age 
is  emphasized  for  making  better  replacement/rebuilding  decisions 
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2.   CRITERIA  FOR  ROLLING  STOCK  REPLACEMENT 

The  "optimum  replacement  policy"  refers  to  the  life 
of  rolling  stock  equipment  for  which  an  average,  per  mile 
cost  of  operation,  maintenance  and  depreciation  in  constant 
dollars,  is  minimum.  Ideally,  costs  should  include  not  just 
financial  cost  but  also  the  qualitative  aspects  of  the  service. 
The  present  analysis  is  concerned  primarily  with  monetary  costs 
and  assumes  a  decent  level  of  reliable  service.   The  following 
examines  service,  economic  and  technological  aspects  of  transit 
rolling  stock, 
a.    Service 

With  reference  to  the  transit  industry,  service  means  the 
comfort  and  quality  of  ride  in  the  vehicle,  as  well  as  the 
reliability — the  avaibility  of  equipment,  on-time  arrivals 
and  departures,  and  frequency  of  breakdowns  during  service. 
Beyond  certain  age  and  a  minimum  level  of  maintenance,  vehicles  may 
show  signs  of  deterioration  and  dilapidation  which  could 
adversely  affect  ridership,  increase  customer  complaints, 
and  frequency  of  road  calls  to  service  disabled  vehicles. 

Although  there  is  concensus  on  need  to  include  service 
factors  mentioned  earlier  in  determining  the  optimum  replacement 
policy  for  transit  rolling  stock,  measuring  the  qualitative  service 
aspects  remains  difficult.   Except  in  extreme  cases,  trans- 
lating visual  and  comfort  aspects  as  well  as  cost  of  delays 
into  dollars  and  cents  is  not  possible.   Attempts  to  value 
delays  are  likely  to  suggest  excessively  high  reliability. 


Most  railroads  in  the  Chicago  region,  for  instance,  received 
on-time  premium  from  the  RTA  of  $2,000  each  month  for 
every  full  percent  point  above  the  established  limits: 
90%  for  the  Burlington  Northern,  the  Milwaukee  Road, 
and  the  Chicago  and  Northwestern  Railroads,  and  9  3%for  the 
Illinois  Central  Gulf.   A  more  sophisticated  approach  is 
needed  to  include  reliability  as  a  base  for  maintenance  and 
replacement  decisions. 

In  the  present  analysis,  the  road  call  cost  of  buses 
has  been  used  as  an  indicator  of  reliability  cost 
since  it  is  closely  related  to  age  of  buses  and  is  the  direct 
cost  of  unreliable  equipment.  (2)  An  average  cost 
of  $30  per  road  call  was  assigned.   A  similar  cost  assignment 
of  delay  cost  on  railroads  could  be  developed  with  better 
monitoring  of  cost  of  rail  operation. 

b.    Economy 

Since  financial  resources  available  to  a  transit  authority 
are  limited,  minimizing  the  life-cycle  cost  per  mile  becomes 
a  strong  management  objective,  so  long  as  a  certain  minimiom 
reliability  level  is  maintained.   Economic  factors  include  items 
of  cash  outlays  required  to  acquire,  maintain  and  operate 
transit  vehicles.   Defining  these  costs  in  a  consistent 
manner  and  collecting  the  information  for  a  system  as  large 
as  the  RTA  is  complex  and  expensive  though  a  rewarding  task. 
Existance  of  numerous  carriers  and  a  variety  of  vehicles 
make  the  maintenance  information  system  difficult  to 
implement. 
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Acquisition  costs  include  cost  of  preparing  specification, 
selecting  bids  and  other  management  expenses  in  buying  the 
rolling  stock,  purchase  price  and  interest  payments. 
In  most  instances,  the  overhead  costs  of  acquisition 
are  not  separately  defined  for  each  vehicle. 

Depreciation  cost  is  the  annual  decline  in  the  market 
value  of  rolling  stock.   As  a  rule,  the  decline  is  the 
steepest  in  initial  years.  The  unique  problem  with  public 
transit  vehicles  is  the  absence  of  effective,  competitive, 
or  secondary  market.   Further,  the  transit  authorities  use 
the  rolling  stock  to  a  point  where  the  equipment  is  worth 
merely  scrap  value — for  lack  of  funds  for  equipment  replacement. 
Consequently,  there  is  little  experience  in  determining 
depreciation.   Assuming  that  a  vehicle  becomes  almost  worthless 
at  the  end  of  its  service  life,  we  must  assume  total  de- 
preciation at  that  point.   Several  hypothetical  depreciation 
functions  will  be  tried  and  examined  in  terms  of  their  effect 
on  optimum  replacement  policy  (3).   Depreciation  experience  of 
related  equipment  will  also  bear  upon  test  results.   For 
instance,  the  RTA  recently  acquired  C&NW  locomotives  and  coaches. 
The  purchase  price  of  these  vehicles  may  serve  as  a  guide. 

The  Maintenance  cost  of  rolling  stock  and  the  level  of 
maintenance,  i.e.  the  expenditure  per  mile,  determines 
significantly  the  quality  of  the  fleet,  as  well  as  the 
optimum  replacement  age.   The  quality  of  the  original 
equipment,  punishment  during  service,  preventive  maintenance, 
labor  rates  and  productivity  define  the  maintenance  cost 
of  vehicles.   Labor  cost  constitutes  the  largest  segment  of 
this  cost  category. 
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Since  overhead  facilities,  such  as  garages  are  needed, 
irrespective  of  age  of  rolling  stock,  they  are  excluded  from 
LCC  computation,  though,  it  is  realized  that  per  mile  overhead 
cost  of  very  old  equipment  would  be  higher  than  for  a  very 
new  one.   The  minimum  life  cycle  cost  replacement  policy  is 
determined  only  by  the  marginal  or  incremental  cost.   Fixed 
costs  do  not  affect  the  optimum  life  span,  though  the  size 
of  average  cost  increases. 

For  the  purpose  of  this  analysis,  overhaul  and  rebuilding 
are  essentially  special  maintenance.   However,  the  special 
maintenance  cost  may  be  capitalized  and  depreciated  over 
a  resonable  time  period  rather  than  assigning  it  entirely 
to  the  year  of  expenditure. 

Fuel  costs  under  "optimum"  operating  situations  are 

invariant  to  vehicle  life.   It  is  known,  however,  that  older 

equipment  give  lower  mileage  than  newer  ones. 

At  50C  a  gallon  and  30,000  miles  a  year,  a  transit  bus  will 

use  $3,750  worth  of  fuel  a  year  at  4  miles  per  gallon. 

If  the  engine  and  other  equipment  deteriorations  reduce  the 

mileage  to  3.5  per  gallon,  the  annual  cost  is  $4,286,  an 

increase  of  $536.   A  six  month  survey  of  fuel  consumption  of 

RTA  buses  does  not  indicate  higher  fuel  consumption  for 

older  buses.   Since  older  buses  are  not  air-conditioned  and 

differ  technicallly  from  the  new  ones,  the  efficiency  comparison 

is  not  always  valid.  The  present  study  relies  on  CTA  fuel 

consumption  data  for  bus  series.   Similarly  equipoed  CTA  buses 

do  indicate  a  higher  fuel  consumption  for  older  buses .   Though 
the  pattern  is  weak,  and  may  not  be  supported  statistically. 
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Attempts  to  obtain  test  results  on  fuel  effiecincy  of  bus  and 
locomotive  engines  from  the  General  Motors  Corporation  have  not 
been  successful.   Further  efforts,  therefore,  must  depend  on  detail 
accounting  of  fuel  consumption  for  each  RTA  vehicle  under  normal 
operating  conditions.   Efficiency  decline,  in  the  range  of  five  to 
ten  percent  over  life,  may  be  assumed  for  a  well  maintained  fleet 
of  locomotives  and  buses  until  more  reliable  statistics  become 
available.   Increasing  consumption  of  oil  and  miscellaneous  items 
are  ignored  for  lack  of  data,  as  well  as  their  insignificant 
contribution  to  total  cost. 

c.    Technology : 

These  factors  include  changes  in  the  technology  of  the 
vehicles  that  make  the  new  vehicles  superior  in  terms  of 
energy  efficiency,  reliability,  speed,  safety,  service,  etc. 
In  general,  the  transit  vehicle  technology  has  not  changed 
much  in  years.   The  present  "New-look"  bus  of  the  General 
Motors  introduced  in  the  early  1960 's  remains  the  dominant 
vehicle  in  the  United  States  transit  bus  fleet.   Although  many 
mechanical  and  safety  innovations  have  taken  place,  such 
as  sutomatic  transmission  and  power  steering,  there  is 
little  overall  change  in  the  basic  vehicle.   Even  the 
transbus  includes  few  technological  changes  that  affect 
replacement  decisions.   In  fact,  the  new  buses  are  more 
expensive,  heavier,  fuel  inefficient,  and  have  lower 
passenger  capacity  than  the  present  buses.  (4) 
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In  suburban  rail  transit,  the  most  important  change 
is  the  introduction  of  bi-level  coach  that  is  lighter, 
and  includes  more  amenities  and  comfort  than  the  steam-heated, 
heavy  coach  it  replaced  some  15  years  ago.   The  technology  of 
power  plant  and  propulsion  of  locomotives   remains  basically 
unchanged  over  the  past  30-40  years.   Like  the  current  buses, 
the  locomotives  and  coaches  in  service  need  not  be  replaced  on 
technological  ground.   The  life  cycle  cost  analysis  presented  in 
this  study  is  an  ideal  tool  to  compare  technologically  different 
equipment  on  economic  ground. 
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3.   LIFE  CYCLE  COST  (LCC)  ANALYSIS 

a.    Basic  Concepts: 

An  important  economic  characteristic  of  transit 
service  is  the  high  operating  costs  compared  with  purchase 
price.   A  standard  transit  bus  that  could  be  purchased  for 
$75,000  in  1977,  costs  an  average  of  43.2  cents  for 
maintenance  and  13.06  cents  for  fuel  per  mile  based 
on  CTA's  "Vehicle  Series  Cost  Report".  (5)    A  survey  of 
seven  transit  properties  in  1974  shows  annual  average 
cost  per  mile  for  bus  operations  of  $1.56.  (6)   Assuming 
the  1977  cost  of  $2.50,  the  operating  cost  over  500,000 
miles  technical  life  of  bus  is  $1.25  million,  more  than 
16  times  the  purchase  price.   Similarly,  a  $750,000 
diesel-electric  locomotive  with  potential  service  life 
of  a  million  miles  would  cost  $11  million  in  operating 
cost,  based  on  current  rates  paid  to  rail  carriers  by 
the  RTA. 

The  above  figures  underline   the  importance  of  operating 
cost  in  addition  to  procurement  in  evaluating  replacement 
versus  rebuilding  of  transit  rolling  stock.   It  is  also 
noted  that  maintenance  cost  that  is  directly  related  to 
equipment  quality  and  age  should  be  given  appropriate 
attention.   The  RTA  carriers,  including  the  CTA,  place  more 
than  100  million  bus  miles  a  year.   Saving  of  even  one 
cent  a  mile  in  operations  cost  amounts  to  a  million  dollars 
a  year. 
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Life  cycle  cost  of  rolling  stock  is  simply  an  average 
per  mile  cost  of  operating,  maintaining  and  replacing 
equipment  for  a  very  long  time  span.   Replacement  age,  however, 
is  to  be  defined  such  that  the  sum  of  costs  is  the  minimum  in 
terms  of  discounted  present  value.   The  basic  assumptions  of 
life  cycle  cost  analysis  are  (1)  maintenance  and  reliability 
costs  increase  over  time,  (2)  depreciation,  the  annual  decline 
in  market  value,  is  high  during  early  years  but  less  in  later 
years,  and  (3)  the  discount  rate,  the  time  value  of  money  is 
always  positive.   Figure  3.1  graphically  illustrates  the  average 
cost  curve  as  the  sum  of  maintenance  and  depreciation  cost  curves 
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The  usual  average  curve  is  U-shaped  and  has  a  minimum 
so  long  as  maintenance  and  depreciation  functions  are  well- 
behaved.   If  equipment  is  replaced  at  the  point  of  minimum 
average  cost  (T) ,  a  series  of  curves  can  be  developed  showing 
the  replacement  cycles  as  in  Figure  3.2. 
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Figure  3.2:   Minimum  Average  Cost  Replacement  Cycles 

Implicit  in  the  replacement  policy  is  a  decision  to 
postpone  purchasing  cost  while  incurring  higher  maintenance 
and  reliability  costs.   The  postponement,  however,  generates 
savings  at  a  rate  of  return  equal  to  alternative  investment 
opportunities.   For  a  public  agency,  the  decision  of  not 
purchasing  a  vehicle  means  investment  in  other  sectors  of 
the  economy,  or  even  reducing  taxes.   Therefore,  the  discount 
rate  for  a  transit  agency  is  the  so  called  social  discount 
rate,  or  the  rate  of  social  opportunity  cost.   The  real  gross 
national  product  (GNP)  of  the  United  States  increased  at  an  annual 
compounded  rate  of  3.2  percent  between  1960  and  1975,  compared 
with  a  rate  of  2.0  percent  from  1970  to  1975. 
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The  lower  rate  of  growth  in  the  later  years  reflects  the  economic 
recession  in  1974  and  1975  when  the  real  GNP  actually  declined 
by  1.7  and  1.8  percent,  respectively.   For  the  purpose  of  the 
present  analysis,  a  long-term  growth  rate  of  3.2  percent  is  used 
as  a  discount  rate. 

Most  studies  of  life  cycle  cost  assume  a  life  span  of 
equipment  or  structure.   A  study  of  transit  buses  by  the  Advanced 
Management  Systems,  Inc.,  for  instance,  assumes  bus  life  of 
600,000  miles.  (7)   A  comparison  of  competing  buses  then  depends 
on  maintenance  and  operation  expenses  and  current  purchase  orice 
over  a  predetermined  life  span.   The  General  Services  Administra- 
tion (GSA)  has  taken  considerable  interest  in  life  cycle  costing 
as  a  procurement  process.  (8)   The  GSA,  however,  does  not 
consider  variable  life  span  of  competing  products.   The  life 
cycle  cost  analysis  approach  used  in  this  study  determines  optimum 
life  span  as  a  function  of  costs  over  many  procurement  cycles. 
The  proposed  approach  not  only  allows  to  compare  bids  but  also 
to  determine  whether  specific  repairs  and  overhauls  at  certain 
age  of  equipment  should  be  undertaken.   Since  life  span  is 
variable,  the  approach  enables  to  recalculate  the  minimum  and  the 
maximum  periods  the  repaired  vehicle  must  be  used  to  justify  the 
repair.   In  addition,  the  optimum  annual  miles  policy  can  be 
formulated  with  an  objective  to  minimize  annual  per  mile  life 
cycle  cost.   Replacement  cost  is  often  not  critical  in  the  LCC 
analysis  of  single  items  with  extremely  long  life  span,  such 
as  buildings  and  structures.  For  rolling  stock  management,  however. 
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replacement  and  rebuilding  are  quite  important  since  a  part  of  the 
fleet  must  be  continuously  rebuilt  or  replaced.   Important  questioni 
in  the  LCC  analysis  are  the  number  of  replacement  cycles  and 
the  time  horizon  of  study.   For  illustration,  consider  a  span  of 
15  years  for  a  transit  bus  analysis.   Replacement  analysis  then 
computes  the  cost  of  replacement  and  maintenance  at  various  interva 
to  identify  the  age  when  LCC  is  the  lowest.   If  a  bus  is  replaced 
annually,  the  depreciation  cost  is  high  but  maintenance  cost 
is  low.   On  the  other  hand,  a  bus  replaced  after  15  years  of 
service  has  high  total  maintenance  cost  and  depreciation  cost 
equal  to  the  cost  of  initial  acquisition,  but  no  replacement 
cost.   Since  depreciation  cost  is  high  in  the  initial  years 
of  equipment,  LCC  is  found  to  be  the  lowest  on  the  15th  year. 
The  study  horizon  limit  of  15  years  or  even  50  years  results 
in  a  highly  fluctuating  LCC  curve  reflecting  the  annual  variation 
in  costs  and  inconsistent  assignment  of  replacement  cost. 
Consequently,  the  procedure  of  limiting  the  study  horizon  is 
arbitrary,  inconsistent  and  not  scientific. 

A  consistant  LCC  analysis  procedure  assumes  an  infinite, 
or  very  long  time  horizon  that  smooths  out  annual  cost  fluct- 
uations natural  to  bus  operations  and  allows  a  comparison  of 
equipment  of  different  life  spans  and  annual  costs.   When 
costs  are  constant  over  the  replacement  cycles,  or  rising  less 
than  the  discount  rate,  the  present  value  of  future  costs 
is  always  declining  in  constant  dollars.   The  declining  cost 
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series  can  be  readily  summed  for  infinite  time  horizon.   For 
example,  an  annual  cost  of  one  dollar  per  mile,  discounted 
at  3.2  percent  per  year  to  infinity  is  equivalent  to  $31.75 
in  present  value.   Given  the  annual  maintenance,  depreciation, 
fuel  and  reliability  costs  for  an  average  transit  bus  estimated 
for  the  present  study,  the  minimum  per  mile  LCC  for  a  40,000 
miles  a  year  bus  is  $13.49  at  480,000  life  miles  if  the  dis- 
count rate  is  3.2  percent.   In  other  words,  an  investment  of 
$13.49  at  net  return  of  3.2  percent  (allowing  for  inflation), 
finances  an  annual  output  of  one  mile  forever,  provided  that 
the  bus  is  replaced  at  480,000  miles  interval. 

When  costs  are  increasing  at  a  faster  rate  than  the 
discount  rate,  the  present  value  of  future  costs  are  infinitely 
increasing  with  time.   Therefore,  a  long  enough  time  horizon 
relative  to  approximate  life  span  of  equipment  must  be  selected 
to  assure  a  sufficiently  large  number  of  replacement  cycles, 
for  all  replacement  intervals  examined.   It  must  be  emphasized 
that  the  purpose  of  the  long  time  horizon  is  not  to  compute 
the  total  cost  over  the  many  long  years,  but  only  to  compare 
replacement  intervals  on  equal  terms.   For  instance,  if  costs 
increase  at  an  annual  rate  of  5.0  percent  in  constant  dollars 
and  the  discount  rate  is  3.2  percent,  the  minimum  average  annual 
per  mile  LCC  over  500  years  is  $193,726  for  a  bus  used  40,000 
miles  a  year.   Note  that  it  is  the  relative  costs  at  alternative 
replacement  intervals  rather  than  the  absolute  cost  figures 
over  many  years  are  of  interest  in  replacement  analysis. 
The  LCC  increment  curves  using  long  time  horizon  are  U-shaped  and 
have  a  smoother  profile  than  the  single-cycle  cost  curves. 
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The  next  Section  will  describe  the  simple  mathematical 
structure  of  life  cycle  cost  analysis.   Computation  of  LCC 
is  uncomplicated  and  can  be  performed  manually  when  costs 
are  not  increasing  faster  than  the  discount  rate.   Increasing 
costs,  however,  require  summation  over  many  time  intervals. 
The  computer  program  presented  in  Appendix  I  facilitates  LCC 
computations  and  allows  experimentation  with  discount  rates, 
inflation  factors,  and  cost  fluctuations. 

b.    Computation  of  Life  Cvcle  Cost: 


The  objective  of  replacement  analysis  is  to  determine  the 
procurement  time  interval  T  so  that  the  life  cycle  cost 
increment  —  the  total  discounted  cost  per  annual  mile  of 
future  procurements  and  operations  and  maintenance  costs  — 
is  minimum.   Vehicle  miles  per  year  being  under  management 
control  and  a  readily  available  index  of  vehicle  utilization, 
is  found  most  appropriate  for  measuring  costs.   For  computing 
present  and  discounted  values  of  the  cost  streams,  time  in 
years  and  annual  discount  rates  are  important  parameters. 
Annual  use  of  vehicles  in  miles,  therefore,  is  an  appropriate 
base  for  cost  in  life  cycle  cost  analysis  of  rolling  stock. 

For  simplicity  and  without  compromising  study  objectives, 
it  is  assumed  that  the  units  purchased  are  essentially 
similar  or  equivalent  to  the  ones  being  replaced.   All  costs 
including  maintenance  and  operations,  are  expressed  in  constant 
dollars.   The  long  term  discount  rate  is  the  social  opportunitv 
cost  of  money,  usually  2  to  3  nercent  annuallv. 
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If  a  rolling  stock  item  is  procured  at  an  interval  T  at 
price  P  and  discount  rate  =^\    ,    then  the  total  life  cvcle 
cost  increment,  the  sum  of  all  future  costs,  is  given  by 

(1) 


C»^(T)=(I_,   e      .M(t)  +  e   '  .  P;  + 
'      t=0 

-(Z:  e-2"'^M(t)  .  e-^"'^.p)    . 

t=0 


where  n  -».  oo  ,  or  a  large  number.   M.(t)  is  a  function  of 
time  (t)  or  an  index  of  use,  i.e.  miles. 

Condensing  the  series  and  using  the  fact  that 
for  =><,  >  0  and  t  >  0 


T 

_o<r  rn  -U       -  0<  t  -*^lT 

(2)    C^{T)=  l/(l-e   '  )  (  2l   e   '  -M^t)  ^  ®     -^^ 

t=0 

It  should  be  noted  that  the  term  l/(l-e    )  accounts 
for  an  infinite  number  of  cycles  of  replacements  and  maintenance 
and  its  value  varies  from  infinity  when  T  is  very  small,  to 
one  when  T  is  very  large.   Naturally,  if  equipment  is  replaced 
more  frequently,  the  life  cvcle  cost  is  higher  than  if  replaced 
at  longer  intervals,  provided  that  other  costs  do  not  increase. 
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If  maintenance  cost  M  is  an  increasing  function  of  use  (t) , 
as  may  be  generally  assumed,  equation  (2)  will  show  large  fluctuatic 
in  LCC  since  procurement  cost  is  assigned  to  the  replacement  year 
only.  Therefore,  the  price  P  is  substituted  by  a  depreciation 
function  which  decreases  with  use  (t) .  The  depreciation  cost  D(t) 
of  a  vehicle  at  time  t  is  the  difference  between  the  market  values 
in  the  preceeding  year  (t-1)  and  the  year  (t) .  In  the  initial  years 
depreciation  is  high  but  reduces  to  almost  zero  near  the  end  of 
economic  life  of  equipment.  An  additional  cost  of  rolling  stock 
operation  is  the  reliability  cost  R  which  is  a  function  of 
equipment  age  (t)  at  a  specified  level  of  maintenance.  The 
difficulties  in  measuring  this  cost  have  been  examined  earlier 
and  will  be  further  explored  in  the  following  chapters. 

The  relevant  form  of  life  cycle  cost  equation  is 

T  T 

(3)   C^,(T)=  l/(l-e   '^)  (  LT  e   "-.M(t)  +    }Z       ^  •D(t)  + 

t=0     ^         t=0 

T 

+   X3    e    '  .R(t)) 

t=0 

where  D(t)  and  R  (t)  are  depreciation  and  reliability  cost 

functions,  respectively,  of  time  or  use  (t).   Other 

notations  are  the  same  as  in  (1) . 

So  far,  no  net  change  in  costs  have  been  assumed.   What 
if  price  P  rises  over  and  above  the  general  price  level 
increases?   If  successive  prices  of  a  cost  component  increase 
in  constant  dollars,  the  discount  effect  -  the  savings  generated 
from  postponements  reduce  proportionately.   Equation  (3)  can 
be  redefined  as 
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T 


(4)    C^(T)  =  l/(l-e<-"'^^^)^)   (  C  e^-"'^*^^^^M(t))  . 


t=0 


:'-  'i- 


.    l/(l-e^-"'^"^)^)   (  C  e^-"'^"3)t_^(,^)  , 


t=0 


T 


t=0 

where  <»<,,  «<■,  and  <=>< .      represent  net  growth  rate  of 
maintenance,  depreciation,  and  reliability  costs, 
respectively,  in  constant  dollars.   Other  notations  are 
the  same  as  defined  earlier. 

Equation  (4)  assumes  that  o<   is  greater  than  o<2 ,  o^^r 
and  oC    .      If  not,  the  series  is  unbounded  and  increases  to 
infinity.   For  a  more  general  definition  of  life  cycle  cost 
increment  where  the  long  term  costs  in  constant  dollars  may 
increase  at  a  faster  rate  than  the  long  term  discount  rate, 
a  long  time  horizon,  relative  to  the  technical  life  of  equipment 
must  be  specified. 

q=l  t=l 

^  (1+  C  e^--^'""^^^^)  (  Z:  e^-'^•^"^)^D(t))  ^ 

q=l  t=l 

q=l  t=l 

t=l 

t=l 
.  (e  <-■'-•'*' 2''.  (  i:    e'-''*-*'^R(t))) 

t=l 
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where  Q+1  represents  the  nun±)er  of  replacements  and  QT+T+K  is 
a  constant  representing  the  time  horizon.   If  equipment  with 
different  life  spans  and  life  cycle  costs  at  various  replacement 
ages  are  to  be  examined,  Q  should  be  large  relative  to  T,  for  all 
values  of  T,   If  Q  is  large,  K  — »•  0   and  the  last  three  summation 
terms  may  be  dropped.   Notice  that  equations  (4)  and  (5)  are 
identical  when  the  long  term  discount  rate  is  greater  than  the  long 
term  cost  rates.   It  must  be  emphasized  that  the  objective  of 
replacement  analysis  is  not  to  determine  the  total  cost  over  an 
infinite  time  horizon,  say  a  thousand  years,  but  only  to  compute 
relative  values  of  each  replacement  age  so  that  the  age  associated 
with  the  lowest  life  cycle  cost  increment  can  be  identified. 
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c.    History  of  Life  Cycle  Cost  Analysis  and  Transit 
-  Vehicle  Management; 

Life  cycle  cost  analysis  as  a  concept  or  mathematical 
formulation  is  not  new  or  recent.   It  has  been  practiced  under 
a  variety  of  names,  such  as  value  engineering,  cost-in-use, 
cost  effectiveness,  discounted  cash  flow,  cost-benefit,  etc. 
It  is  very  likely  that  most  of  the  effort  toward  a  systematic 
treatment  of  long  term  expense  and  performance  has  occured  since 
World  War  II.   The  LCC  approach  has  received  increasing 
attention  in  recent  years  primarily  because  of  greater  cost 
of  fuel  and  labor  in  operating  and  maintaining  rolling  stock, 
buildings  and  similar  investments.   The  emphasis  on  energy 
efficient  equipment  and  appliances  has  created  a  renewed  need 
to  balance  higher  cost  of  initial  procurement  with  lower  life  time 
cost  of  operations  and  maintenance.   There  has  been  legislative 
push  at  all  levels  of  government  to  consider  total  life  cost 
in  accepting  bids.   Most  texts  in  economics  and  finance  now 
include  some  treatment  of  LCC  analysis. 

John  E.  Williams  provides  a  detailed  history  of  the  LCC 
analysis  in  the  United  States. (9)   He  notes  a  significant  number 
of  publications  by  the  Federal  agencies,  especially  the 
General  Services  Administration  (GSA)  and  the  Department  of 
Defense  (DOD) .   The  GSA  frequently  conducts  workshops  in  LCC 
for  procurement  training  programs.  (10) 
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Energy  concerns  have  also  spawned  numerous  bills  within 
state  legislatures  that  mandate  LCC  for  construction  and  rental 
of  sizeable  properties.   Alaska,  for  instance,   passed 
a  law  in  1975  which  requires  LCC  procurement  of  all  public 
facilities.  Numerous   efforts  to  legislate  LCC  are  described 
in  detail  by  Williams. 

In  the  private  sector,  major  corporations  are  known  to 
use  LCC  for  procurement  though  documentation  of  their  works 
remain  generally  unavailable.   Rockwell-Collin ' s  Reliability 
Improvement  Warranty  (RIW) ,  a  LCC  procurement  technique  to 
continuously  upgrade  reliability  of  equipment  and  minimize 
mean  time  between  failures  (MTBF) ,  is  well  recognized.  (11) 

In  the  economic  analysis  of  Federal  grants  for  rolling 
stock  equipment  versus  subsidy  for  operations  of  transit  buses, 
William  B.  Tye  uses  the  Uniform  Annual  Equivalent  (UAE)  which 
is  essentially  annualized  LCC.  (12)  Tye  presents  a  theoretical 
bus  replacement  model  to  test  the  hypothesis  that  bus  transit 
carriers  are  undercapitalized.   The  UAE  curves,  like  LCC  curves, 
are  U-shaped  and  have  a  minimum.   Using  data  for  Chicago  and 
Cleveland  transit  buses,  he  draws  a  family  of  UAE  curves  showing 
average  annual  miles.   The  UAE  curves  are  then  translated  into 
Uniform  Continuous  Equivalent  (UCE)  cost  curves  that  show  the 
cost  per  vehicle  mile  as  a  function  of  vehicle  age  in  years  at 
replacment  and  yearly  output  (Figure  3.3).  The  resemblance 
between  Tye ' s  UCE  curves  and  the  LCC  curves  prepared  for  this 
study  is  quite  noticeable. 
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Figure  3.3:   Uniform  Continuous  Equivalent  Costs 
Source:   William  E.  Tye,  pp.  819. 


According  to  Tye,  the  evidence  indicated  that  for  a  transit 
bus  the  output  of  50,000  miles  per  year  should  be  maintained 
for  15  years  and  the  22,000  miles  output  for  24  years  to 
minimize  UAE .   The  finding  that  greater  output  per  vear  reduces 
per  mile  cost  is  also  supported  by  this  study.  In  addition,  the 
larger  output  gives  greater  vehicle  life  in  total  miles  than 
a  smaller  number  of  miles  per  year.   Tye  finds  that  the 
carriers  are  not  capital  poor  but  need  to  increase  output — 
the  service  miles-- to  optimize,  thus  making  an  economic  case 
for  government  subsidy  for  transit  operations. 

Posner's  work  on  life  cycle  costing  provides  important 
groundwork  in  understanding  the  role  of  discount  rate  in  optimum 
replacment  policy. (13)  He  concludes  that  the  choice  of  discount 
rate  does  not  affect  optimum  policy  very  much  but  rather  affects 
only  the  figure  computed  for  discounted  future  costs  because  LCC 
curves  generally  have  a  broad  minimum.   A  large  increase  in 
discount  rate  is  usually  needed  to  make  a  significant  change  in 
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optimum  replacement  level  (Figure  3.4) .   Posner  argues  that  the 
discount  rate  should  represent  the  "social  discount  rate"  the 
value  of  money  for  social  investment.   Thus,  he  says  the  rate  may  be 
about  2%,  but  should  not  be  nearly  as  high  as  the  inflation  rate. 
The  present  analysis  supports  Posner ' s  findings  and  uses  a 
discount  rate  of  3.2  percent  based  on  the  rate  of  growth  in  the  U.S 
gross  national  product  in  constant  dollars  between  1960  and  1975. 
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Figure  3.4:   Life  Cycle  Cost  Increment  and  Discount  Rate 
Source:   Posner,  1976  ^-^ 

J.  Edward  Anderson  relates  life  cycle  cost  analysis  to 
reliability  allocation  in  transit  systems.  (14)  His  approach  is 
significant  because  reliability  is  used  as  a  constraint  rather 
than  cost  and  the  total  system  reliability  is  construed  as  a 
function  of  subsystem  reliabilities.   Standard  Lagrangian 
minimization  is  used.   The  subsystem  reliability  is  measured  by 
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mean  time  between  failures  (MTBF)  and  the  system  unavailability 
is  defined  as  a  ratio  of  passenger-hours  of  delay  and  total 
passenger-hours  travel  time.   The  LCC  of  a  system,  according  to 
Anderson,  is  the  sum  of  the  installed  costs  of  all  subsystems, 
plus  the  sum  of  the  operating  and  maintenance  (support)  cost  of 
all  subsystems  as  illustrated  in  Figure  3.5. 

Life  Cycle  Cost 


Acquisition 
Cost 


tn 
-p 
tn 
O 
u 


Support  Cost 


System  Reliability 

Figure  3.5   Life  Cycle  Cost  as  Function  of  System  Reliability 
Source:      Anderson,  19  77. 

Anderson's  approach  in  measuring  total  costs  deserves  consider- 
able merit  in  that  the  system  and  subsystem  reliability  are  directly 
considered  to  determine  life  cycle  cost.   The  problem  of  defining 
reliability  and  delays,  and  lack  of  data  on  system  and  subsystem 
reliability  and  costs  are  important  obstacles.   With  improving  data 
based  on  the  RTA's  transit  operations,  however,  Anderson's  approach 
deserves  to  be  considered  in  the  future.   It  should  be  noted  that 
Anderson's  LCC  analysis  is  a  single  cycle  approach  since  subsequent 
replacements  are  not  considered.  Therefore,  his  approach  cannot  be 
used  for  optimum  replacement  analysis. 
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Introduction  of  a  new  generation  bus — the  transbus — 
has  revived  the  need  to  consider  life  cycle  cost  of  two 
products,  the  conventional,  present  day  transit  bus  that 
costs  $70  -  $75,000  compared  with  the  transbus  that  may  cost 
around  $100,000.   A  report  on  cost  impact  of  the  transbus 
program  by  Booz-Allen  Applied  Research  and  Simpson  and  Curtin 
for  UMTA  suggests  the  need  for  better  data  on  cost  of  bus 
operation  and  maintenance. (15)  Although  the  UMTA  report  compares 
total  cost  of  the  buses,  it  a  priori  assumes  the  same  life 
span  for  the  competing  vehicles.   The  report  concludes  that 
on  per  mile  basis,  the  new  generation  transit  buses  will 
cost  more  than  the  present  ones,  but  fails  to  determine 
whether  the  new  buses  are  justified  on  economic  ground,  since 
LCC  based  on  reliability  and  optimum  replacement  is  not 
considered.  '•■ 

In  1977  UMTA  awarded  a  contract  to  the  Metropolitan 
Suburban  Bus  Authority  (MSBA)  to  study  the  concept  of  life 
cycle  costing  in  bus  procurement. (16)  According  to  the  Advanced 
Management  Systems,  Inc.,  the  consultant  to  do  the  study, 
the  MSBA's  sophisticated  management  information  system  will 
provide  comprehensive  cost  data  for  specific  area,  such  as 
transmissions,  total  amount  of  mileage,  fuel  consumption,  and 
repair  cost  of  individual  buses  over  12  years,  in  other  words, 
a  biography  of  a  bus.  The  MSBA  study  provides  a  very  persuasive 
argviment  to  develop  subsystem  data  base  for  life  cycle  costing  of 
all  transit  vehicles. 
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Another  recent  UMTA  study  by  Advanced  Management  Systems, 
Inc.  reports  using  LCC  in  the  evaluation  of  current  Rohr  and 
AM  General  buses  and  General  Motors  RTS-II  buses. (17)   Although 
the  study  advances  the   need  for  LCC  for  bus  procurement,  and 
offers  detailed  cost  per  mile  for  various  carriers  around  the 
country,  the  effect  of  age  on  support  costs,  reliability,  and 
variation  in  life  span  are  not  considered.   General  lack  of  data 
on  transit  rolling  stock  support  cost  is  seen  as  an  important 
problem  in  applying  LCC  analysis  to  vehicle  management  problems. 

The  Ottawa-Carleton  Regional  Transit  Commission's  prodcedure 
for  evaluation  of  tenders  shows  a  practical  application  of  LCC 
with  minimum  data  and  computations.  (18)  The  procedure  adds  the 
cost  of  initial  procurement,  excess  fleet  cost  (as  substitute 
for  availability  cost) ,  road  call  cost   (as  substitute  for 
reliability) ,  and  support  costs  as  increasing  function  of  age 
in  years  of  competing  bids  over  a  designated  number  of  years 
of  service.   Like  most  studies  Ottawa-Carleton ' s  procedure  does 
not  consider  reprocurement  costs. 

The  need  to  apply  LCC  to  a  variety  of  products  and 
industries  is  now  well  recognized.   A  joint  conference  in 
October  1977  of  the  American  Institute  of  Industrial  Engineers 
and  the  American  Association  of  Cost  Engineers,  "Life  Cycle 
Costing:  A  New  Approach  to  Systems,"  in  Washington,  D.C., under- 
lines the  professional  and  management  interest  in  the  subject 
matter.   Increasing  support  cost  of  equipment  and  buildings 
as  well  as  cost  inflation  have  created  new  pressures  to  consider 
costs  other  than  initial  procurement  in  replacement  and  acquisition 
decisions . 
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What  is  next  in  LCC?   The  answer  is  universally  the  long 
process  of  developing  the  data  base.   In  the  transit  industry, 
long  starved  for  public  funds,  information  on  performance  and 
costs  is  very  scarce.   Life  history  of  vehicles  is  not  kept. 
Further,  data  must  be  computer  based  for  automatic  retrieval  and 
should    accommodate  many  management  and  financial  reporting 
functions.  A  well-designed  transit  LCC  information  system  will 
serve  for  more  than  intelligent  vehicle  replacement  decisions. 
It  can  serve  for  comparing  competing  bids,  deciding  the  number  of 
miles  a  specific  vehicle  should  be  used,  and  the  level  of 
maintenance  at  which  desired  system  and  subsystem  reliabilities 
can  be  achieved  at  minimum  long  term  cost. 

d.    Replacement/Rebuilding  Decisions  Using  LCC  Analysis: 

The  following  discussion  illustrates  the  comprehensiveness 
and  advantages  of  LCC  with  replacement  over  the  single-cycle  and 
cumulative  average  per  mile  cost  analysis.   Figure  3.5  shows  two 
cases  involving  $10,000  extraordinary  expense  in  the  5th  and  the 
11th  year  of  life  of  a  transit  bus  that  is  used  at  a  constant 
annual  rate  of  40,000  miles.   In  both  cases,  for  simplicity, 
growth  rates  of  all  costs  are  assumed  to  be  zero  while  the 
discount  rate  is  3.2  percent.  Further,  it  is  assumed  that 
the  extraordinary  expense  which  could  be  a  result  of  an  accident 
or  damage  from  natural  causes,  does  not  affect  future  maintenance, 
depreciation,  or  reliability  costs  after  the  required  repairs. 
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In  both  instances,  the  LCC  of  the  bus  increases  above  the  normal 
LCC  of  similar  buses  without  the  extraordinary  expense.   In  the 
first  case,  at  the  5th  year  the  normal  LCC  is  C, .   After  repairs, 
the  lowest  LCC  achievable  is  C^  which  is  less  than  C,  .   This  leads 
to  a  conclusion  to  repair.   In  the  second  case,  however,  C_*,  the 
lowest  possible  LCC  after  repairs,  is  greater  than  the  prerepair 
level  of  C,*.  It  is,  therefore,  not  economical  to  repair  the  bus 
and  must  be  replaced.   Table  3.1  uses  hypothetical  LCC  figures  to 
demonstrate  the  replacement/rebuilding  decision  process.   It  shows 
that  the  management  may  be  willing  to  spend  a  sum  of  $10,000  on 
a  relatively  newer  bus  but  not  on  an  older  one.   In  case  I, 
the  numbers  suggest  that  the  repaired  vehicle  must  be  used 
at  least  until  the  LCC  falls  below  the  prerepair  level  of 
$17.67,  or  the  7th  year,  to  justify  repairs. 

Although  the  illustrated  example  is  too  simple,  the 
complex  real  world  costs  can  be  added  and  the  benefits,  if 
any,  be  subtracted  to  make  optimum  decisions.   Naturally, 
the  analysis  is  most  applicable  in  developing  general  rules 
and  guidelines  for  major  repairs  and  rebuilding  since  each 
vehicle  and  rebuilding  situation  is  unique  in  terms 
of  costs,  benefits,  and  vehicle  condition.   The  life  cycle  cost 
analysis  forces  management  to  ask  and  answer  relevant  questions 
and  justify  replacement/rebuilding  decisions  on  financial  and 
economic  ground.   Improvements  in  the  above  decision  process 
can  be  made  with  better  data  on  risks  and  probabilities  of 
repairs  and  a  number  of  other  economic  and  non-economic 
issues  not  considered  here. 
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4,   REPLACEMENT  ANALYSIS  OF  RTA  BUSES 

The  objective  of  this  chapter  is  to  present  the  process  and 
the  results  of  application  of  life  cycle  cost  analysis  explained 
in  the  preceding  chapter  to  the  buses  of  the  suburban  carriers 
of  the  Regional  Transportation  Authority  (RTA) .   First,  the 
efforts  to  collect  and  construct  relevant  data  on  maintenance, 
depreciation,  reliability  and  special  depreciation  costs  are 
explained.   Next,  the  results  of  the  life  cycle  cost  analysis 
and  optimum  replacement  age  of  buses  by  total  vehicle  miles 
and  age  in  years  are  examined  taking  into  account  the  effect 
of  discount  rates,  net  growth  in  various  costs,  initial  purchase 
price  and  output  level- the  annual  miles  per  year.   Limitations 
and  capabilities  of  the  present  analysis  for  actual  replacement/ 
rebuilding  decisions  are  noted. 

a.    Transit  Bus  Costs: 


The  three  basic  cost  components  of  transit  rolling  stock 
/   for  LCC  analysis  are  maintenance,  depreciation,  and  reliability. 
Fuel  cost,  if  conceived  as  a  function  of  vehicle  age,  should 
also  be  included.   Since  time  value  of  money  is  significant  in 
life  cycle  costing,  all  costs  must  be  reported  in  present  value 
and  be  related  to  annual  use  of  vehicle.  The  bus  maintenance 
and  reliability  cost  estimates  for  the  present  study  depend  largely 
on  the  Vehicle  Maintenance  and  Operation  Reporting  System  (VMORS) 
of  the  RTA  covering  some  500  buses  of  the  suburban  carriers- (17) 
VMORS  includes  monthly  miles,  fuel  consumption,  and  repair  and 
road  call  costs  for  most  of  the  buses.   Since  this  information 
system  became  operational  only  in  June,  1977,  only  six  month  cost 
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data  were  available  at  the  time  of  the  present  study  in  January, 
1978.   A  complete  set  of  data  covered  288  buses  that  form  the 
basis  for  cost  estimates.   The  quality  of  the  data  are  believed 
to  be  excellent.  With  a  few  exceptions,  there  were  sufficient 
number  of  buses  in  each  age  category.   No  bus  in  the  sample  had 
over  500,000  miles. 

i.    Maintenance  Cost : 

For  the  purpose  of  the  present  bus  study,  maintenance 
cost  includes  all  repairs,  major  overhauls  and  fuel. 
The  routine  maintenance  and  inspections,  and  overheads, 
;  such  as  washing,  cleaning,  changing  bulbs,  real  estate 
and  construction  costs  of  garages,  as  well  as  driver 
salaries  are  not  included.   All  288  buses  in  the  sample 
^  were  identified  by  total  life  miles . 

If  total  miles  were  not  available,  especially  on 
older  buses  or  where  hubodometers  were  changed,  they 
were  estimated  on  the  basis  of  model  year  and  the 
average  annual  miles  by  the  carrier.   Newer  buses 
were  assumed  to  average  more  miles  per  year  than  the 
older  ones.   Buses  were  not  classified  by  accessaries 
such  as  air-conditioning,  type  of  service-urban  vs. 
rural-or  size.   Admittedly,  these  ommissions  distort 
the  cost  picture,  especially  for  repairs  and  fuel. 
Table  4.1  lists  the  per  mile  maintenance  cost  of  288 
buses  by  total  miles  and  carriers.   The  relative  effect 
of  ommissions  and  distortions  was  small  because  a 
smoothed  repair  cost  curve  was  developed  from  the  base 
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FIGURE  4-1:   MAINTENANCE  AND  REPAIR  COST  PER  MILE  AND 
TOTAL  TRANSIT  BUS  MILES 
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SOURCE :  The  asterisks  are  points  of  average  cost  observed  on  RTA  subixrban  bus 
carriers  based  on  vehicle  rraintenance  data  of  sane  300  buses  with 
■  ccinplete  mileage  and  maintenance  cost  data  frxm  July  thru  December  1977. 
The  curve  is  hand-fitted  and  reflects  the  maintenance  practices  of 
the  transit  industry  for  overhaul  and  heavy  repairs. 


data  (figure  4.1).   The  fluctuations  in  per  mile  maintenance 
data  can  be  readily  explained  by  the  nature  of  incidence  of 
vehicle  failures  and  the  industry  practices.   According  to 
the  RTA  maintenance  personnel,  heavy  repairs  and  overhauls 
on  transit  buses  are  generally  performed  at  100,000,  250,000 
and  500,000  life  miles.   Engines  are  normally  replaced  at 
500,000  miles.   Cyclical  cost  patters  are  also  found  in 
locomotive  repairs  and  are  commonly  experienced  in  other 
equipment  maintenance  environs . 

Fuel  consumption  cost  is  based  on  a  price  of  50  cents 
per  gallon  of  diesel.   The  CTA  experience  was  the  basis  for 
determining  the  per  mile  fuel  cost  of  buses  (20). 
Although  no  clear  picture  on  the  effect  of  age  on  fuel 
efficiency  emerges  from  the  CTA  data  because  of  aggregation 
by  bus  series,  they  do  indicate  some  range.   Because  new 
buses  are  air-conditioned,  they  give  fewer  miles  per  gallon 
than  the  older  ones.   The  per  mile  fuel  cost  for  the  new  CTA 
buses  was  9.25  cents  compared  with  10.25  cents  for  the  2 
and  3  years  eld,  similarly  equipped,  buses.   Figure  4.2 
relates  to  the  per  mile  estimated  fuel  cost  to  the  age  of 
transit  bus  in  miles.   The  fluctuating  cost  curve  attempts 
to  reflect  the  benefits  of  major  maintenance  expenditures 
of  fuel  efficiency.   Basically,  it  is  assumed  that 
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20c, 


FIGURE  4.2:  FUEL  COST  PER  MILE  AND  TOTAL  TRANSIT 
BUS  MILES 
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SOURCE: This  Figure  is  based  on  general  concept 

of  declining  gas  mileage  because  of  age  of 
vehicle  alone.   The  declines  in  cost  reflect 
general  overhauls  and  repairs  as  practiced 
by  the  industry,  and  correspond  with  maintenance 
cost  curve  used  in  this  study.   See  Figure 
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the  new  vehicles  would  give  4  miles  per  gallon,  or 
12,5  cents  per  mile.   After  500,000  miles  the  fuel 
efficiency  declines  to  3.0  mpg ,  or  16.6  cents  per 
mile,  a  decline  in  efficiency  of  nearly  33  percent. 

ii    Reliability  Cost; 

Reliability  cost,  for  the  purpose  of  the  present 
study,  is  the  sum  of  the  cost  of  the  reserve  fleet 
requirement  and  the  expense  of  road  calls.   In  the 
six  month  study  period,  the  288  RTA  buses  reported 
882  road  calls  (Table  4.2).   For  each  age  category  by 
life  miles,  the  number  of  road  calls  per  10,000  miles 
of  service  was  determined.   The  result  shows  a  weak 
pattern  of  increase  in  road  calls  with  age  for  some 
carriers.   It  is  possible  that  some  carriers  delayed 
required  maintenance  longer  than  the  others.   Based 
on  this  rather  weak  evidence  a  road  calls  chart  was 
constructed  showing  the  number  of  expected  road  calls 
per  10,000  miles  (Figure  4.3).   Each  road  call 
was  assigned  an  average  cost  of  $30,  a  figure  found 
to  be  representative  of  RTA ' s  experience  in  1977. 

The  reserve  fleet  requirement  cost  was  determined 
on  the  basis  of  general  transit  industry  opinion  of 
10  percent  reserve  vehicles.   A  charge  of  10  percent 
of  annual  maintenance  and  fuel  cost  was  made  to  the 
reliability  cost  to  reflect  cost  of  maintaining  a 
reserve  fleet. 
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TABLE   4-2 

ROAD  CALL  RATES  OF  SELECTED  RTA  BUSES  AND 
CARRIERS  BY  BUS  LIFE  MILES 
July  thru  December, 1977 


18  Life 
•Lies  Interval 


CARRIERS 


Aurcyra   Elgin    Joliet    NORTRAN   Safeway   Sub.  Tran.   WNCTC   Total 


3 

4.  87 


53  4 

1.06  0.37 

225  7 

2.16  0.38 


), 000-59, 999 

^o,  of  Calls      8  8      2  9       -34 

:alls/10,000M.      7.03    1.71     4.7 

3,000-89,999 

^o.    of  Calls        -       0        4 

:alls/10,000M.      -  1.4  5 

3,000-119,999 

io.    of  Calls      66       -      121 

:alls/10,000M.      3.25    -        4.10 

ZO, 000-149, 999 

fo.  of  Calls        ~       ~       33       ~ 

:alls/10,000M.      -       -        4.00    - 

30,000-209,999 

iJo.  of  Calls        -       -       -       "58 

:alls/10,OOOM.      -       -        -        -       0.52 

40,000-269,999 

^o.    of  Calls        _       _        _        _        - 

:alls/10,OOOM.      _       -        -        _        - 

30,000-349,999 

^o.    of  Calls        -       -        -        "19 

:alls/10,000M.      -       -       -       -       0.94 

30,000-449,999 

^lo.  of  Calls  19 

:alls/10,000M.  6.4  8 

50,000-499,999 

;Io.  of  Calls 

:alls/10,000M. 

Total 
;^o.  of  Calls     154      32 

I 


211 


278 


88 


13  25     246 

0. 80  1.97 

50  11     297 

1.4  1.56 


3 

0.71 


66 


190 


33 


8      66 

1.97 

5       5 

1.  92 

4      23 

2.4 

19 


53     882 


Durce:   A  six-month  survey  of  repair  and  maintenance  of  selected  RTA 
iiburban  carriers,  July  thru  December,  1977.   West  Town  does  not  report 
aintenance.   Only  buses  with  complete  cost  and  mileage  records  are 
acluded. 
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FIGURE  4. 3: EXPECTED  RATE    OF  ROAD  CALLS  AND  TRANSIT  BUS  MILES 
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SOURCE:     The  asterisks  are  points  observed  in  the 
actual  road  call  data  for  some  300  RTA 
suburban  buses  from  July  thru  December  1977, 
The  curve  is  hand-fitted  and  corresponds 
to  maintenance  cost  data  used  for  this 
s  tudy . 
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Excluded  from  the  reliability  cost  is  the  delay 
cost  which  could  not  be  determined  from  present  data. 
The  cost  of  riders '  wasted  time  and  loss  of  business 
to  the  authority  may  be  very  insignificant  for  a  highly 
reliable  system  but  quite  high  for  an  extremely  old 
fleet.   The  reliability  cost  in  the  present  analysis, 
therefore,  is  believed  to  be  understated.   The  LCC 
analysis  procedure  presented  in  this  paper  is  not 
designed  to  consider  reliability  as  a  critical 
variable. 

iii   Depreciation  Cost 

As  defined  earlier  in  Section  3-b,  the  depreciation 
cost  of  a  transit  bus  in  any  year  (t)  is  the  difference 
in  market  values  in  the  preceding  year  (t-1)  and 
the  year  (t) .   Since  transit  buses  do  not  have 
a  real  competitive  resale  market  for  trade-in,  like 
automobiles,  there  is  no  real  life  experience  on 
market  value  of  buses  of  various  ages.   If  the  total 
acquisition  cost  is  assigned  to  the  year  of  replacement, 
the  costs  will  be  overstated  in  the  early  years  of 
vehicle  and  understated  later.   A  theoretical 
depreciation  cost  curve  was  developed  that  is  convex 
and  assigns  about  22  percent  of  acquisition  cost  to  the 
first  25,000  miles.   Depreciation  cost  diminishes  to 
almost  zero  when  the  vehicle  reaches  500,000  miles. 
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The  depreciation  cost  function  is  given  by 


D(t)  =  MP^_^-  MP  ^ 

where 

MP  =   MP  .  (l-exp(-l(t/100000) ) ) 

MP.  =  Market  price  at  t=0,  that  is,  purchase  price  in  1977 

and    t  =   Total  vehicle  life  miles. 


iv.   Special  Appreciation 

Since  major  overhauls  and  repairs  may  enhance  the 
market  value  of  vehicles,  a  part  of  the  major  maintenance 
cost  should  be  depreciated  over  the  following  periods  if  they 
continue  to  be  in  use,  or  their  trade-in-value  should  be 
increased.   Since  the  maintenance  curve  used  for  the  present 
analysis  reflects  the  improved  efficiency  of  the  overhauled 
vehicles,  no  appreciation  value  is  assigned. 

V .    Annual  and  Cumulative  Average  Per  Mile  Costs:  -( 

The  total  cost  of  operating  and  maintaining  and  replacing 
the  transit  bus  is  the  sum  of  depreciation,  maintenance  and 
fuel,  and  reliability  costs  defined  earlier.   To  allow  for 
variation  in  annual  miles  per  transit  bus,  total  costs  were 
determined  for  every  10,000  miles  interval  to  800,000  miles. 
Four  output  policies  were  considered.   The  three  constant 
miles  policies  assumed  annual  usage  of  25,000,  30,000  and  40,000 
miles.   The  fourth  policy  allowed  as  many  as  50,000  miles  in 
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■  AMMUAL-Mll.FS ,   JJALMIEJiAiNJCE-^CSPRfcCIAXiriJi^  -R£i_IAaLl^TX--Ai\lO    lOTAL    Cu^I 
TABLE    4-3A  FOR      SUBURBAN      TRANSIT      BUSES 


11 
-L2- 


17 


19 
-ZO- 


25000. 
25000. 


25000. 
.25000. 


2  5000. 
-Z5000. 


YEAR 

VILES 

MA  I  NT.  * 

CEPR.S 

R5L  .i 

CGST/YR. 

AVE.COil 

i 

25000. 

3662. 
405S. 

16590. 
1?9?0. 
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146* 
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0.8139 
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3 

4 

2  500  0. 
?  50(10, 

5050. 
=S  S  ?  S  . 

10062. 

302. 

15414. 

1  ■^«19- 
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0,  ft6  70 

5 
ft 

25000. 
2  5000^ 
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4945. 
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4753. 
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11684. 
101)50, 

0.6271 
0.5896       -— 

7 
8 

2  5000. 
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57^7^ 

3  70  2. 

371. 

"^OO. 
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?5noo. 
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2245, 

1  749. 
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.t9  0. 
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7718. 
6633. 


1362, 
106U 


334. 
658. 


9914. 
3  .i  5  L^ 


7713. 
34  50. 


304, 
237. 


301. 
-925. 


8318- 
96  12. 


92  00. 
99  50. 


134. 
144. 


1043. 
-1  125. 


10427. 
11219. 


0.4881 
^0^4753- 


13 
14 

25000. 
2  500O. 

6275. 

.s2go. 

826. 

535. 
57.^. 

76  36. 
7  5  01. 

0.4624 

-_.a,^43ad 

15 

16 

25000. 

?5ono. 

6590. 
7175. 

501. 

390. 

612, 

71  fl. 

7702. 

3233. 

0.4413 
0.43  44 

0.429O 
_  0^4271 

0.4265 
-0.4277 


SUM      =       500000. 


127310. 


74495. 


11324, 


213828. 


T?nLE    4-3B 


YEAR 

.^ILES 

M  -M  \i  T  .  S 

OEPR  .  £ 

REL.  $ 

CQST/YR. 

AVE.CGST 

1 
2 

30330. 

30000. 

443  ). 

5100. 

19439. 

14400. 

119. 
243. 

239.36. 

197-»3. 

0.7996 
0. 7289 

3 

-t 

3)3  1  ). 

30  00  0. 

647). 
6335. 

1 3663. 
■'003. 

473. 

57^. 

17616, 

14812. 

3.6816 

0.6347 

5 
6 

30000. 
30000. 

5b2  ). 

6750. 

5353. 
^337. 

423. 
5-»0, 

11397. 
11627, 

).587) 
0.5538 

7 
8 

30000. 
30000. 

6225, 
6737. 

3213. 
2380. 

553. 
709. 

9996. 
9826. 

),5223 
0.49  79 

9 

30000. 
3333  J. 

945  0. 
8  3  31. 

1763. 

13  06. 

1037. 

791. 

12250. 

1012a. 

0,4880 
0,4  729 

11 

12 

:oooo. 

3  3  3)3. 

7423. 
777). 

9c3  . 
717. 

dSO. 
7)7. 

9083. 
9194. 

0.^575 
3.4449 

13 
14 

30000. 
30000. 

8230. 
9237. 

531. 
394. 

810. 
953, 

9571. 
13558, 

0.4352 
3.42^3 

15 
1:. 

30000. 
30000. 

9391. 
1107  5. 

29  2. 

21o. 

1C79. 
1258. 

112t2. 

12543- 

0.4257 
).4252 

I  7 
13 

JU')Od. 
30000. 

12494, 
12130. 

160. 
119. 

14  51. 
13  50  . 

141J5. 
13619. 

0.A2  79 
0,^293 

19 
20 

303  3  3. 
30000. 

12^00. 
1^011. 

33. 
65. 

1323. 
1401. 

14008. 
15477, 

0.4313 
0.4355 

SUM 


6  00000. 


170001  . 


74314. 


U-t93. 


261303. 


C  C  on- 


.1  e 


ITY 


Aiy-'JUA  L 

MILcSi     i^AlNTtNANCEt 

GEPKECIATIGN 

,     RELIABILITY     AND 

TGTAL    CjjT 

TABLE 

4-3C 

YcAK 

MILES 

MAI^'JT. 

i          DEPR.S 

REL.S 

CaST/YK. 

AV.-.CG37 

i 
Z 

•♦0000  • 
4C0C0. 

60Z5  . 
766  5  . 

24726. 
16574. 

lo3. 
•^13. 

30913. 
24&D2. 

0.7723 
0.6971 

3 

toOOO . 

^OOJO. 

toIO  . 
793!3. 

11110. 
7447. 

801  . 
568. 

2052  I. 
15950. 

C  .63  57 
G.5765 

5 
o 

hOCuO . 
4000C. 

S915  . 
9157. 

4992. 
3346. 

732. 
935. 

1463  9. 
134^8. 

0  .53H-t- 
0.5013 

7 

S 

4000U. 
^GOoO. 

1^326. 
1022G. 

2243. 
1504. 

1357. 
950. 

15926. 
12674. 

0 .4266 
0.4654 

9 
10 

^OOCG. 
"^OOuu  • 

10270. 
1120o. 

1008. 
676. 

927. 

1130. 

12205. 

13006. 

G  .4-i-76 

0.-^353 

il 
IZ 

^OCCO. 
-••GOGO. 

1Z67!3  . 
1^575 . 

^+53. 
304. 

1354. 
1523. 

I't-tSS. 

165G6. 

0.4287 
0.4273 

14 

■^OGuu. 
^•■0000. 

1535G  . 
16175. 

204. 
136. 

1935. 
1803. 

18489. 
lail't. 

■j.tJ>00 
G.t317 

15 

lo 

'+00GC. 
^OOoO. 

17650. 
19200. 

91. 
61. 

1635. 
2000 . 

19776. 
21261. 

0.4353 
0.4413 

17 

M-OOuG  . 
-fOGGO. 

ZG-VOu  . 
21600. 

-tl. 
28. 

22C0. 
24CG. 

22641. 

24028. 

0.4491 
0.4575 

IV 
20 

40GGO • 
40000. 

22800. 
2^000 . 

18. 
12. 

2600. 
2800. 

25418. 
26812. 

G .46o9 
0.4771 

SuM         = 


i00C0> 


27cil£)l 


74975. 


28527. 


38  1663. 


TABLE       4- 3D 


YEAR 

MILES 

>1AI.MT.$ 

OEPR.S 

REL.S 

CaST/YR, 

AVE.COcI 

^ 

1 
2 

50000- 
40000. 

7730. 
3370. 

29510. 
14997. 

248. 

605, 

37488, 
23972, 

0.7498 

0.6329 

3 

4 

40000. 

40000. 

3330, 

7970. 

10053. 
6739. 

719. 
517. 

19102. 
15220, 

0-6197 
0.5635 

i 

5 
6 

40000. 
30000, 

93'+5. 
a7i2. 

4517. 

2380. 

883, 
709, 

14744, 
9801, 

0.5263 
0.501-* 

7 
8 

30000. 
30000. 

9420- 
3006. 

1763. 
130O. 

972. 
791. 

12  1  55, 
10  103, 

0.4907 
0.4753 

9 
10 

25000. 
25000. 

6275. 

6280, 

826. 
643, 

585. 
578, 

7686. 

7501. 

0.4624 

0.4508 

11 
12 

20000. 

5230, 

5600. 

411. 
336. 

474. 
565. 

6115. 
6501. 

0.4^30 
0.^^369 

13 
14 

20000. 
20000, 

5920. 
6338. 

275, 
22  5, 

5  92.' 

667. 

6^87- 
7230. 

0,4321 
0.42  89 

15 

16 

20000. 
10000. 

6360. 

3oOO. 

18  5. 
79. 

750, 
400, 

7795, 

4079. 

0,4271 
0.-^267 

17 

18 

10000. 

ioooo. 

3715. 

3305. 

72. 

b5. 

420, 
433, 

420r, 
4302. 

0,426o 
0.4267 

19 
20 

1000  0. 

loooo. 

3945. 
4110. 

59. 
53. 

-     '     455, " 
485, 

4459. 
46  43. 

0.4270 
0.42  78 

SUM      = 

500000. 

~I273bl. 

7449  5." 

"    rr34^. 

213901. 

in  the  first  year  of  service  but  only  10,000  miles  per  year 
in  the  16th  through  20th  years,  accumulating  a  total  of 
500,000  miles,  or  an  average  of  25,000  miles  per  year.   The 
latter,  called  the  decreasing  miles   policy,   represents  a 
practice  by  many  carriers.   It  is  of  interest  to  examine 
this  practice  against  the  constant  miles  usage  from  economic 
considerations . 

Tables  4.3  A,  B,  C,  and  D  present  the  annual  cost  of 
maintenance  (including  fuel) ,  depreciation  and  reliability 
for  the  four  output  alternatives.  'No  more  than  20  years  of 
life  is  considered  from  an  a  priori  determination  that  a 
20  year  old  vehicles  will  be  an  obvious  candidate  for  replacement, 
irrespective  of  the  mileage.  >  The  last  columns  give  the 
annual   per  mile  average  cost.   For  all  outputs,  the  minimum 
per  mile  average  cost  is  at  475,000  miles  and  the  minimum  cost 
is  the  same,  about  42.66  cents  per  mile,  regardless  of 
the  number  of  annual  miles,  or  the  bus  life  in  years. 
The  absence  of  time  value  of  money  is  quite  apparent. 
Further,  replacement  costs  are  not  considered,  or  assumed 
to  be  constant  over  time. 

vi.   Average  Cost  Under  Increasing  Prices: 

If  the  vehicle  costs  increase  over  time,  the  minimum 
average  cost  moves  to  a  lower  level  of  total  vehicle  use  as 
present  value  of  future  costs  increase  exponentially. 
Table  4.4  shows  the  minimum  average  cost  for  the  four 
alternative  output  levels  and  price  increases  from  zero  to 
ten  percent  annually. 


-49- 


60 

c 

W4 

in 

<o 

u 

(0 

u 

(V 

u 

^^ 

<u 

•*^ 

a 

z 

u 

o 


«•  o 

o 

o 

o 

o 

o 

o 

o 

vO  o 

ri  o 

>d'  o 

CN    O 

vO         • 

-J-      • 

r«.     • 

CO        • 

•  o 

•  O 

•  o 

•  O 

CM    f»« 

r»- 

vO    fO 

»* 

o  o 

fM 

m  t~ 

St    s» 

—4 

^  «* 

in  n 

•^ 

u-i  to 

o 

o 

m  o 

o>  « 

•  o 

in  >i 

<0  CM  <o 


CI-  o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

CO  O 

00  o 

r«.  o 

vO  o 

CO  o 

r~     « 

CM        « 

m     • 

en      « 

in     «» 

•  o 

•  o 

•  O 

•  o 

.  O 

CM  oo 

<N 

vO     >J 

^H 

o  o 

o 

m  <o 

r-  <f 

•.1  <t 

—1 

<!•   <t 

-^ 

m  <j 

— < 

in  CO 

o 

>o  pg  \0 

c 

a 
a 

"< 

e 
« 
ca 


c 

0 


I 


?5 


a, 
u 

I 

u 

> 
< 


HI 

z 

M 

s 


o 
o 
o 

m 

CM 


o-O 

o 

CM  O 

m  • 
•  O 

CM  CO  ^0 
<f  Vt  — 


O 

o 

CO  o 

CM   • 

•  o 
r*  m  in 
•*  >J  — 


O 

o 
o,  O 
r>-  » 
•  O 
CO  o\  CO 
m  CO  *«^ 


O 

O 

CM  O 

•  O 
0\  NO  CM 

tn  CO  -rf 


o 

o 
o  o 

00   • 

•  o 

CO  -yf 

r-«  CM  oo 


o  o 

o 
m  o 

•  in 

CM  t>»  O 
^  vj  — 


o 
o 

«J  o 

CN   • 

•  m 
flO  CM  r-- 
<f  <t  -• 


O 

o 
o  o 
o  « 
•  m 
in  r-  in 
in  (o  — ( 


O 

o 
vT  o 
00   « 

•  o 
CM  in  >!• 
o  CO  -^ 


O 
O 

o  o 

•  o 

r~  CM  f». 


J< 

v 

0) 

u 

Ul 

» 

CO 

<n 

n 

X 

« 

u 

u 

(It 

t-4 

CJ 

o 

« 

C 

o 

3 

HH 

§ 

<U 

c 

< 

o 

«■ 

o 

«• 

o- 

o- 

•  (fl 

lA 

•>   (0 

B> 

«  w 

in 

•  m 

W) 

•    U) 

CO 

4J     0) 

u 

iJ    4) 

U 

u    o 

u 

jj     (U 

u 

U     Hi 

u 

M    ^ 

9 

W   —1 

CO 

00    ^ 

aj 

OJ     -H 

m 

(0    t-l 

CO 

o  — 

01 

0   — 

(V 

o  — 

(V 

o  — 

0) 

0  — 

<0 

o  z 

>■ 

U    X 

>• 

o  z 

>< 

o  s 

>- 

o  S 

>- 

o 

in 

«N 

o 

o 

o 

-' 

CO 

m 

CD 

9 

M 

£ 

U 

w* 

> 

CO 

iJ 

« 

•o 

111 

0) 

<0 

Xi 

• 

d> 

01 

n 

£ 

CO 

JJ 

01 

u 

U 

o 

0 

c 

lU 

•IN 

Q 

4J 

* 

0) 

O 

o 

u 

ca 

«k 

<u 

< 

0 

1 

CO 

CO 

0) 

1 

JJ 

«J 

CO 

u 

(A 

01 

>, 

»-l 

^ 

J3 

CO 

JJ 

H 

to 

o 

O 

o 

JJ 

t-l 

u 

3) 

01 

3 

U-I 

C 

0) 

C 

oi 

CO 

-50- 


At  zero  rate  eachoutput  level  has  the  same  minimum 
average  cost  of  around  42.65  cents  at  475,000  miles.   If 
costs  increase  at  a  rate  of  ten  percent,  the  minimum  average 
goes  up  for  all  output  levels  but  more  so  for  the  low  output 
levels  than  the  high  ones.   The  minimum  average  per  mile 
cost  for  a  30,000  miles  a  year  bus  at  ten  percent  rate 
is  73.86  cents  compared  with  67.52  cents  for  the  one  used 
40,000  miles.   Since  replacement  costs  are  not  considered, 
the  output  rates  have  no  effect  on  the  minimum  average 
cost  total  miles.   The  inflation,  however,  reduces  the 
minimum  average  cost  total  miles  '      to  240,000 
at  ten  percent  growth  in  costs. 

b.    Optimum  Bus  Replacement: 

This  section  examines  the  life  cycle  cost  increment  - 

the  future  costs  of  operating,  maintaining  and  replacing 

a  transit  bus  over  an  infinite,  or  a  very  long  time  period  - 

by  various  scenarios  of  annual  vehicle  miles,  discount  rates, 

and  net  growth  rates  in  costs  of  maintenance,  depreciation, 

and  reliability  described  in  the  preceding  section.   Table 

4.5  summarizes  the  total  miles  and  number  of  years  a  transit 

bus  with  specified  cost  functions  should  be  used  to  minimize 

life  cycle  cost  increment  per  mile.   The  four  annual  output 

miles  alternatives  are  considered  with  four  real  cost 

increase  scenarios  for  an  initial,  current  acquisition  cost 

of  $75,000.   The  effect  of  sudden  price  increase  on  optimum 

replacement  to  $100,000  is  examined  for  the  two  scenarios; 

no  price  rise  and  increase  equal  to  the  discount  rate  of  3.2 

percent. 

-51- 


i.    Cost  Increase  Equal  to  Discount  Rate: 

When  costs  in  constant  dollars  rise  at  the  same 
rate  as  the  discount  rate,  the  net  effect  is  to  cancel 
out  the  time  effect  of  money.   The  optimum  replacement 
age  can  be  simply  determined  by  minium  per  mile  average 
cost.   Table  4.5  shows  that  the  minimum  cost  of  42.65 
cents  per  mile  is  at  475,000  total  miles,  regardless 
of  the  number  of  annual  miles,  constant  or  decreasing. 
The  transit  bus  under  this  scenario  should  be  replaced 
at  475,000  miles  to  minimize  the  average  per  mile  cost 
as  well  as  the  LCC  increment. 

If  the  initial  purchase  price  of  the  transit  bus 
increases  to  say,  $100,000,  while  other  costs  remain 
constant,  the  net  effect  is  to  increase  depreciation 
costs  relatively.   Since  depreciation  costs  are  higher 
in  the  initial  years  of  use  than  the  later,  the  increase 
in  price  requires  longer  replacement  period  to  minimize 
the  per  mile  LCC  increment  and  the  average  cost.   For 
a  bus  used  25,000  miles  a  year,  or  at  decreasing  rare, 
the  optimum  replacement  age  increases  to  over  500,000 
miles  and  more  than  20  years.   The  bus  placing  30,000 
miles  a  year  at  a  constant  rate,  the  life  span  extends 
to  19  years,  or  570,000  miles.   Similarly,  the  40,000 
miles  a  year  system  must  extend  vehicle  usage  to  560,000 
miles,  or  14  years.   The  annual  bus  miles  in  this  situation 
has  no  effect  on  either  the  size  of  the  minimum  per  mile 
cost,  or  optimum  replacement  life  miles. 
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ii.    Discount  Rate  of  3.2  Percent  or  More: 


1 


I 


1 


A  positive  discount  rate  greater  than  the  cost  increase 
implies  that  the  time  value  of  money  is  positive  in 
present  dollars  and  postponement  of  replacment  results  in 
benefits  or  savings.   Under  these  conditions,  the  future 
cost  is  always  less  in  present  value.   Because  of  the 
specific  cost  functions  assumed  for  a  transit  bus  and 
since  the  minimum  LCC  increment  curves  have  a  broad 
bottom  against  discount  rates,  no  noticeable  change  in 
replacement  strategy  is  indicated  by  the  3.2  percent  net  discoul 
rate  for  the  three  fixed  mileage  alternatives.   For  the 
declining  use  alternative,  a  reduction  in  life  miles 
to  450,000,  or  15  years  is  indicated  from  the  no  cost 
increase,  zero  discount  rate  scenario. 

Although  10  percent  discount  rate  over  a  long  time 
period  is  not  realistic,  it  is  examined  here  to  understand 
the  effect  of  discounting  on  replacement  decisions. 
For  the  fixed  miles  alternatives,  the  high  rate  of  dis- 
counting results  in  more  life  miles  for  optimum  replacment 
since  future  higher  costs  are  made  more  tolerable  by  the 
deep  discounting.   The  decreasing  miles  alternative, 
with  too  small  advantage  of  discounting  in  later  years  when 
output  is  declining,  finds  it  more  economical  to  contract 
the  replacement  cycle  to  350,000  miles,  or  10  years. 

Figure  4.4  and  Table  4.6  show  the  LCC  increments  for 
20  annual  replacement  intervals  for  the  four  output 
alternatives  for  positive  discount  rate  of  10  percent  a  year. 
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It  is  readily  noticed  that  the  high  mileage  per  year 
results  in  lower  annual  cost  per  mile.   The  findings 
substantiate  Tye ' s  contention  that  the  transit  buses  are 
underutilized,  making  a  case  for  increased  output 
through  greater  operating  subsidy. (21)    A  comparison  of 
the  decreasing  miles  policy  with  the  fixed  ones  suggests 
that  for  positive  discount  rates  the  declining  use 
policy  results  in  premature  replacment  and  higher  per 
mile  life  cycle  cost. 
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iii   Cost  Increase  of  5.0  Percent: 

If  maintenance,  fuel,  reliability,  and  acquisition  costs 
increase  at  a  rate  of  5  percent  a  year  in  constant  dollars, 
while  the  future  values  are  discounted  at  3.2  percent,  the 
costs  increase  at  the  differential  rate  of  1.8  percent  -  a 
negative  discount  rate.   The  effect  of  increasing  costs  is 
to  extend  the  optimum  replacment  period  to  minimize  LCC 
increment.   Table  4.7  presents  the  LCC  increments  for  the 
four  mileage  alternatives  by  life  miles  for  one  to  20  years 
replacment  intervals. 

This  increasing  cost  scenario  requires  that  a  bus 
placing  25,000  miles,  or  decreasing  miles  be  replaced  after 
20  years,  or  more  than  500,000  miles,  (22)   The  30,000  miles  a 
year  transit  bus  minimizes  LCC  increment  at  540,000  miles 
or  18  years  compared  with  480,000  miles  if  there  were  no 
cost  increase.   The  optimum  replacment  schedule  for  a  bus  used 
40,000  miles  a  year  is  unaffected  by  the  5  percent  increase, 
or  that  the  change  is  too  small  -  less  than  20,000  miles. 

The  contrast  in  optimum  replacment  strategies  by  minimiura 
average  per  mile  cost  and  LCC  with  replacement  is  apparent 
While  increasing  costs  reduce  optimum  life  miles  under  average 
cost  analysis,  it  is  increased  by  LCC  analysis.   The  difference 
of  course  is  attributed  to  the  inclusion  of  replacment  cycles 
in  the  latter.   Table  4.7  shows  that  under  increasing  cost 
conditions  low  level  of  output  gives  a  lower  minimum  LCC 
increment  than  the  high  output  since  postponement  of  usage 
is  rewarding. 
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Figure  4-5  schematically  describes  the  LCC  increment  in 
increasing  cost  environ  by  level  of  annual  use  of  transit  bus, 
Notice  that  under  decreasing  costs,  or  net  prositive  discount 
rates,  the  high  output  level  was  more  economical  than  the 
low  one.   With  increasing  costs,  lower  output  levels  give 
longer  replacement  interval;  540,000  miles  for  30,000  miles 
a  year  compared  with  480,000  miles  at  a  rate  of  40,000  miles 
a  year. 
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Figure  4,5:  LCC  Increments  Under  Increasing  Costs  by 
Annual  Output 

iv.   Output  Level  and  Optimum  Replacement: 

It  will  be  incorrect  to  conclude  from  the  presentation  of 
LCC  analysis  above  that  a  low  level  of  output,  or  a  declining  use 
policy  that  gives  a  low  level  of  output  is  desireable  and 
economical  in  the  long  run  because  average  annual  output  per 
vehicle  requirement  is  usually  determined  by  availability  of 
vehicles,  route  structure  and  operating  constraints  of  the  transit 
system.   Further,  if  additional  reliability  cost  is  assigned  to 
transit  buses  to  account  for  age  in  years,  higher  output  can  be 
found  more  economical  than  the  low  one  even  when  costs  are 
increasing.   The  optimum  replacement  level  under 
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increasing  cost  is  also  affected  by  differential  growth  in  costs. 
If  vehicle  price  is  increasing  faster  than  the  maintenance  and 
repair  costs,  the  effect  will  be  to  increase  replacment  interval. 
Rapidly  increasing  maintenance  costs,  on  the  other  hand,  may 
justify  earlier  replacement  depending  on  the  share  of  costs  of 
each  component  and  the  differential  rates  of  growth  of  costs. 

Table  4.8  compares  the  cost  of  fixed  constant  miles  output 
levels  with  the  decreasing  level  policy  that  gives  the  same 
average  annual  miles  by  rates  of  cost  increase  in  percent 
per  year.   At  3.2  percent  increase,  the  discount  rate  of 
3.2  percent  removes  the  inflationary  cost  effect  and  output 
levels  do  not  affect  per  mile  cost.   Higher  discount  rates 
make  the  "decreasing  miles  policy"  very  uneconomical.   For 
instance,  a  production  requirement  of  25,000  miles  a  year 
by  constant  mileage  policy  costs  only  82.7  percent  of  the 
cost  by  declining  miles  policy,  if  real  costs  are  discounted 
at  ten  percent  annually.   Similarly,  40,000  miles  a  year  can 
be  produced  at  86.44  percent  of  the  cost  of  declining  miles 
by  a  constant  annual  use.   Even  when  costs  are  increasing, 
constant  rate  usage  is  consistently  cheaper  than  the  declining 
one  for  the  same  annual  average  miles. 

c.    Summary  of  Results  and  Conclusion; 

In  the  foregoing  replacement  analysis  of  RTA  suburban  transit 
buses  certain  costs  that  are  affected  by  age  and  mileage  of 
vehicle,  such  as  maintenance  and  repairs,  fuel,  depreciation, 
and  reliability  were  examined.   U-shaped,  20  years  cost  curves 
were  developed  for  four  levels  of  bus  use;  25,000,  30,000  and 
40,000  constant  miles  per  year,  and  a  declining  mile  per  year 
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alternative  that  yielded  500,000  miles  in  20  years.   The  last 
alternative  offers  above  average,  50,000  miles  in  the  first  year 
but  only  10,000  miles  per  year  in  the  last  five. 

The  primary  objective  of  the  present  study  is  to  determine 
the  number  of  miles  the  RTA  transit  buses  should  be  used,  or 
the  replacment  interval,  so  that  the  per  mile  future  costs 
of  maintenance,  fuel,  reliability,  and  replacment  are  minimized. 
The  cost  tables  for  20  years  bus  life  were  prepared  using  a 
six-month  survey  in  the  second  half  of  1977  of  repairs  and 
road  calls  of  288  RTA  suburban  buses.   The  following  findings 
refer  to  the  specific  cost  functions  assumed  and  the  current 
bus  price  of  $75,000. 

i.    The  average  cost  analysis  that  minimizes  per  mile 
average  cost  over  the  life  of  vehicle  indicates 
smaller  replacement  cycles  with  increasing  costs 
in  constant  dollars  (in  addition  to  the  increase 
related  to  bus  age) .   The  life  cycle  cost  analysis, 
in  contrast,  suggests  longer  replacment  cycles  under 
increasing  cost  conditions.   The  difference  in 
conclusions  on  optimum  replacment  cycle  reached  by 
these  two  approaches  is  attributed  to  the  average 
cost  analysis'  failure  to  consider  replacement  cost. 
Further,  replacement  decision  is  not  affected  by 
annual  miles  output  under  average  cost  analysis.   The 
LCC  analysis,  however,  explicitly  considers  the  level 
of  annual  vehicle  use.   The  applicability  of  LCC 
analysis  to  a  variety  of  fleet  management  problems, 
such  as  optimum  replacment  interval,  the  output  level 
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of  bus  annually  and  over  its  life  time,  evaluation 
of  competing  bids  for  equipment  of  different  price, 
life  span  and  reliability,  and  replacement  vs. 
rebuilding  decisions  involving  substantial  expenditures, 
is  amply  illustrated. 

ii.   If  costs  are  increasing  at  about  five   percent 
annually  in  constant  dollars,  the  optimum 
replacment  interval  for  an  RTA  bus  is  480,000  miles 
over  12  years   if  used  40,000  miles  per  year, or 
540,000  miles  over  18  years  at  30,000  miles  per 
year.   It  should  be  noted  that  the  reliability 
costs  may  have  been  understated.   A  significantly 
higher  rate  of  reliability  costs  than  used  in  the 
present  study  may  result  in  reduction  in  optimum 
life  of  30,000  to  40,000  miles,  or  one  year. 

iii.  The  effect  of  increasing,  or  decreasing  real  costs 
of  transit  bus  is  to  lengthen  the  replacment  miles 
to  minimize  per  mile  LCC  increment.   A  significant 
change  in  real  costs,  five  to  ten  percent  annually,  is 
required  to  change  the  optimum  replacment  age  of 
transit  bus  by  one,  or  two  years. 

iv.   If  costs  are  decreasing,  or  increasing  at  a  rate 

lower  than  the  discount  rate,  it  is  always  economical 
to  increase  annual  output  miles  per  bus  per  year. 
If  costs  are  rising  too  fast,  however,  reduction 
in  annual  output  nay  prove  desirable  to  save  on 
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LCC  of  increasing  maintenance  and  replacement. 
In  other  words,  fast  increasing  costs  suggest  a 
larger  fleet  with  low  per  vehicle  miles. 

V.    An  increase  in  the  price  of  transit  bus  without  an 

increase  in  future  cost  of  maintenance  and  reliability 
always  increases  the  optimum  replacement  interval. 

vi.   An  increase  in  acquisition  cost  and  resulting  increase  in 
depreciation  cost   always  lengthens  the  replacement 
interval;  an  increase  in  maintenance  cost  shortens  it. 
A  case  for  increasing  subsidy  for  maintenance  can  be 
made  from  the  results  of  LCC  analysis.   A  higher  level 
of  subsidy  for  maintenance  would  result  in  longer 
optimum  replacement  interval,  as  well  as  lower 
capital  cost.   This  is  contrary  to  present  UMTA 
guidelines  that  recommend  replacment  at  a  fixed  12 
year  period,  and  the  CTA  preference  for  a  7  year 
replacement  cycle. 

vii.  The  common  industry  practice  of  using  new  buses  more 
intensively  than  the  older  ones  results  in  uneconomic 
use  of  resources  and  higher  per  mile  cost  than  if 
the  buses  are  used  at  a  constant  annual  rate. 
A  declining  miles  policy  examined  in  the  present 
study,  was  found  uneconomical  in  every  scenario 
compared  with  a  constant  rate  of  utilization  that 
produced  the  same  number  of  miles  annually.   In  many 
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situations,  the  declining  usage  required  significantly 

fewer  optimum  replacement  miles  than  the  comparable 

constant  miles   policies.   The  declining  use 

with  above  average  rate  of  utilization  in 

the  early  years  and  a  very  low  rate  in  the  final  years 

should  be  discouraged  on  economic  ground. 


5.    REPLACEMENT  ANALYSIS  OF  COMMUTER  RAIL  LOCOMOTIVES 

The  objective  of  this  chapter  parallels  that  of  the  pre- 
ceding one  on  transit  buses.   In  the  following  the  procedure 
for  determining  the  least  cost  replacement  intervals  for 
commuter  rail  locomotives  is  described.   The  major  variables 
affecting  locomotive  replacment  decisions,  as  for  the 
buses,  are  acquisition  cost,  resale  value  (or   depreciation), 
reliability  cost,  discount  rate,  and  increase  in  prices  of 
labor  and  materials.   Based  on  the  experience  of  suburban  rail 
carriers  in  the  RTA  region,  the  annual  use  of  locomotives  is 
assumed  at  a  constant  rate  of  40,000  miles.   Because  of  high 
cost  of  spares  and  fixed  routes  of  the  rail  system,  there  is 
little  flexibility  in  annual  output  per  locomotive. 

Since  many  of  the  conceptual  and  analytical  problems  of 
rolling  stock  replacment  have  been  already  examined  in  Chapter  3, 
and  the  application  of  LCC  analysis  to  transit  bus  was  des- 
cribed in  Chapter  4,  the  presentation  in  this  chapter  is 
brief.   The  reader  is  advised  to  become  familiar  with  the  material 
presented  earlier. 
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a.    Commuter  Rail  Locomotive  Costs; 

Data  on  per  mile  cost  of  suburban  locomotive  operation 
by  equipment  age  are  even  scarcer  than  for  the  buses.   This 
is  in  part  due  to  the  organization  of  the  rail  industry 
in  which  suburban  passenger  system  is  a  small,  and  often 
money- losing  part.   Further,  there  is  a  wide  difference  in 
equipment,  the  level  of  maintenance,  and  type  of  service. 
The  repair  shops  of  many  carriers  also  serve  non-commuter 
equipment.   Separating  the  cost  of  commuter-service  in  many 
instances  is  almost  impossible  under  present  record  keeping 
systems.   The  following  outlines  the  efforts  to  determine 
cost  data  on  a  comparable  level  of  the  transit  buses. 

i .    Maintenance  Cost  Survey: 

After  several  attempts  to  dig-out  data  on  the  maintenance 
cost  of  commuter  rail  equipment,  a  survey  of  repair  activities 
on  locomotives  and  coaches  was  initiated  in  September,  19  77 
for  two  carriers:  (1)  the  Milwaukee  Road  with  a  number  of 
relatively  new  locomotives,  and  (2)  the  Burlington  Northern 
with  a  significant  proportion  of  older  locomotives.   Based 
on  in-depth  interviews  with  the  representatives  of  the  two 
railroads,  and  on-site  inspection  of  their  repair  facilities, 
a  survey  form  to  record  each  repair  was  designed.   The  survey 
form  presented  in  Appexdix  III  was  used  to  note  the  locomotive, 
as  well  as  coach  maintenance  incidences,  every  week  from 
September,  1977  thru  the  middle  of  February,  1978  when  efforts 
were  discontinued  for  the  following  reasons: 
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*  The  time  span  of  the  survey  was  too  short  compared 
with  the  life  of  locomotives  to  establish  a  pattern 
of  repair  costs.         _ 

*  Many  of  the  maintenance  activities  were  performed 
outside  the  region,  especially  certain  heavy  repairs. 

*  Current  life  of  locomotives  could  not  be  determined 
because  of  many  overhauls  and  changes  in  subsystems. 
Some  of  the  locomotives  were  used  for  freight  operations. 

*  The  extent  of  repair,  the  labor  and  materials  could 
not  be  determined  from  the  available  description  of 
repairs.   Our  attempts  to  use  standard  costs  for  each 
repair  type  were  not  productive. 

*  There  is  considerable  interchange  of  parts  between 
locomotives  of  each  carrier.   The  central  exchange 
units  of  the  railroads  do  not  trace  parts  movements , nor 
do  they  charge  specific  amount  to  a  soecific  locomotive, 
or  a  coach.   They  find  no  justification  for  assigning 
costs  to  individual  equipment  since  costs  are  internalized 
for  the  company  as  a  whole. 

*■'         There  is  little  standardization  of  repair  and 

maintenance  activities  of  the  railroads.   Since  few 
spare  locomotives  and  coaches  are  available,  especially 
in  the  rush  hours,  the  carriers  try  to  maintain  high 
reliability,  possibly  at  high  cost.   Further,  carriers 
'  '    receive  premium  for  better  than  designated  level  of 
uc      on-time  performance,  while  operating  deficits  are 
subsidized  by  the  RTA,  creating  an  incentive  for 
•  over  maintenance.     .    : 
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In  summary,  the  survey  showed  that  the  present  record- 
keeping systems  of  the  railroads  do  not  permit  a  reasonable 
estimation  of  their  commuter  system  maintenance  cost  related 
to  equipment  age,  annual  output,  type  of  service,  or  reliability. 
No  account  of  mileage  or  fuel  consumption  by  individual  locomotive 
is  kept.   Also,  it  must  be  recognized  that  fuel  consumption  is 
significantly  affected  by  the  number  of  trailer  cars  and  passenger 
load. 

The  primary  impression  received  from  the  rail  system 
operators  was  that  locomotive  life  is  very  long  and  age  has  little 
or  no  effect  on  cost  of  operation.   The  maintenance  staff  of 
the  railroads  suggested  on  several  occasions  that  every  repair 
returned  the  equipment  to  its  original  condition  and  that  the 
older  locomotives  are  just  as  good,  or  even  better  than  the  new 
ones  in  overall  economy  because  of  their  high  standards  of 
repair  and  workmanship. 

Although  the  reliability  record  and  the  quality  of  service 
of  the  commuter  rail  system  in  the  Chicago  metropolitan  area 
is  indeed  high,  much  remains  to  be  learned  about  the  true  cost 
of  locomotive  and  coach  maintenance.   Are  we  paying  too  much 
to  maintain  the  old  rolling  stock  at  high  performance  level?   The 
rail  operation  is  far  more  complex  than  the  buses;  there   are 
many  more  subsystems.   Further,  one  must  consider  reliability 
in  terms  of  all  subsystems.   A  flexible  concept  of  reliability 
is  far  more  important  for  locomotives  than  for  transit  buses 
because  of  high  cost  of  spare  units.   Maintenance  cost  of  rail 
equipment  could  be  significantly  affected  by  accepting  less  than 
perfect  reliability  and  greater  standardization  of  repairs 
and  maintenance  as  well  as  timely  replacement. 
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with  reference  to  the  data  problems  outlined  earlier, 
the  simulated  cost  data  by  the  Electro-Motive  Division  (EMD) 
of  the  General  Motors  Corp.,  prepared  for  the  RTA  on  the  new 
model  F40-PH  locomotives  for  use  on  the  Rock  Island's  Joliet 
and  Blue  Island  lines  was  found  most  suitable  for  the 
present  research.   The  simulated  cost  data  include  scheduled 
and  unscheduled  maintenance  cost,  including  materials, 
for  the  F40-PH  model  over  25  years  of  life  at  a  rate  of 
40,000  miles  a  year.   Table  5.1  from  the  EMD  report  shows  six 
and  twelve  year  repair  cycles.   For  example,  the  wheels  are 
replaced  every  240,000  miles,  while  major  overhauls  are 
performed  at  every  480,000  miles,  or  twelve  years.   Note  that 
the  cost  figures  are  in  constant  dollars. 

Our  efforts  to  have  the  EMD  extend  the  cost  estimates  for 
the  locomotive  maintenance  to  36  or  48  years  were  not  successful. 
Since  most  industry  sources  consider  locomotive  and  coach  life  to  be 
over  25  years,  it  was  important  to  estimate  the  costs  to  at 
least  36  years.  A  recent  study  commissioned  by  the  RTA  estimating  the 
value  of  rolling  stock  of  the  Chicago  Northwestern  Railroad 
states 


"For  a  first  generation  diesel-electric  locomotive,  the 
nominal  life-span  has  been  taken  as  35  years.   While 
technological  changes,  such  as  the  advent  of  electric  head 
end  power,  have  caused  locomotives  to  be  retired  early 
others  have  seen  the  full  life  cycle  prior  to  retirement. 
The  Amtrak  and  railroad  experience  has  been  that  35  years 
or  about  4-5  million  miles  will  exact  a  toll  on  the 
structure  of  the  locomotive,  and  on  its  trucks, 
suffient  to  cause  replacment  of  the  unit."  (23) 


e  ■  tiri 
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TABLE       5-1 


LOCCXOTIVE     CALCULATED  RliPAIR    COST  10/00/ 
INCLUDING    UNSCHEDULED  MAINTENANCE 

3000    HP    MCirn    r40  PH  LOCOMOTIVE 

'40000.     MILES    PER    YEAr<    -    LABOR  RATE    =    S10.7C    /    HR." 


YEAR 

SCHEDULED 

UNSCHEDULED 

TOTAL 

l"  ' 

7958. 

87.  "'■" 

8  04  5.' 

2 

8321. 

174. 

8496. 

.    ^  _ 

22799. 

3^9. 

23148. 

5 

20020. 
7953. 

698. 
■  1396.  ■""■ 

2  0  7  1  B  . 
935^.. 

6 

7 

31663. 
7958."" 

2792. 
130. 

34456. 
8089. 

8 
9 

24460. 
"22799.  ■' 

261. 
523. 

24722. 
■'  23322.  " 

10 
11 

8321. 
7958. 

1047. 
' 2094.  ■■' 

9  3  6  8. 
10052.  "■" 

12 

13  

124897. 
7958.  ' 

4189. 
174. 

129086. 
8132. 

14 

8321  . 

349. 

'  698. 

8670. 

15 

22799. 

2  3497. 

16 

24  4  6  0. 

1396. 

25856. 

17 

79  50.'" 

2792.  

"  "10750. 

18 
19 

31663. 
7953. 

5585. 
261. 

37249. 
0219. 

20 

20020. 
"  "22799. 

523. 

■"'     1047. 

2  0  5^3. 

21 

""2  3046. 

22 
23' 

8321  . 
7953.'" 

2094. 
"■      4  189.  "" 

104  16. 
12  147. 

24 

149213. 

8378. 

157591. 

25 

7958.  ■' 

349. 

8  307. 

'avera 

GE  ANNUAL 

COST   -  -  -  -' 

S  26563. 

AVERAGE    ANNUAL    COST    PER    MILE     $0.6641 


Source:    Electro-Motive  Division  of   the  General   Motors  Corp. 

A   study   prepared    for  Che   Rec;ional   Transportation  Authority 
evaluating   the  running   time,    fuel    consumption  and  maintenance  and 
repair  costs  of    locomotives   suitable   for  the   Rock    Island's 
commuter  service.      April    1976. 
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Although  the  consultants  acknowledge  that  the  suburban 
service  is  different  from  the  freight  and  inter-city 
passenger  trips,  no  allowance  is  made  in  the  life  span.   A 
survey  of  eight  carriers  by  the  Northeastern  Illinois  Planning 
Commission  (NIPC)  in  1975  indicated  an  average  locomotive 
life  of  31  years.  (24) 

For  the  purpose  of  the  present  study,  the  maintenance  cost 
for  25th  to  36th  years  of  life  of  locomotives  was  estimated 
by  assuming  the  same  rate  of  growth  as  that  from  13th  thru 
24th  year  over  the  comparable  first  12  years.   Since  the  twelve 
year  overhaul  cycles  assign  a  large  one  time  cost  of  over 
$125,000  to  the  12th,  24th  and  the  36th  years,  these  costs 
were  spread  over  three  years  in  proportion  of  50,  30  and 
20  percent.   The  effect  on  total  cost  by  this  procedure  is 
the  same  as  increasing  the  resale  value,  or  decreasing  the 
depreciation  cost  after  major  overhauls.   Table  5.2  shows,  among 
other  costs,  the  annual  maintenance  cost  of  commuter  locomotive 
over  36  year  life  span.   Note  that  the  cyclical  pattern  of 
costs  is  maintained  since  engineering  and  management  considerations 
do  justify  fluctuations  in  maintenance  activities. 

Currently  available  data  on  commuter  rail  operation  do 
not  permit  proper  evaluation  of  costs  and  optimum  replacment 
analysis  of  the  rolling  stock  based  on  local  experience.   In  fact, 
analysis  of  coach  replacement  had  to  be  dropped  completely  for 
lack  of  basic  data  for  individual  units  and  respective  age  in 
total  miles. 

A 
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TABLE   5-2 


Ar>«^UAL 

MILES,     MAlMTENAiMCE, 

DEPRECIATICN 

It    RELIAB 
)MOTIVES 

ILITY    AND 

TOTAL    C2S" 

OF      COMMUTER      RAIL      LOCC 

YEAR 

MILES 

MAIMT. 

$          OEPR.S 

REL.S 

220. 
343. 

COST/YR. 

AVE. COST 

1 

2 

40000. 
40000. 

3045. 

8496. 

19438  6. 

52374. 

202651. 
61713. 

5.0663 

3.3045 

3 

40000. 
40000. 

23143. 
20718. 

473  42. 
43289. 

472. 

605. 

71462. 
64613. 

2.7985 
2.5027 

5 
6 

40000. 
40000. 

9354. 
34456. 

39170. 
35442. 

746. 
894. 

49270. 
70793. 

2.2485 
2.1688 

7 
8 

40000. 
40000. 

8039. 
24722  . 

32069. 
29013. 

1053. 
1222. 

41211. 
54962. 

2.0C61 
1.9271 

9 
10 

40000. 
40000. 

23322. 

936  3. 

26256. 
23753. 

1405. 
1605. 

50933. 
34731. 

1.3  546 
1.7560    , 

11 
12 

40C00. 
40000. 

10052. 
64543  . 

21497. 
19451. 

1824. 
2067. 

33373. 
86061. 

1.6722 
1.7121 

13 
14 

40000. 

40000. 

46858. 
34^8  7. 

17600. 
15925. 

2338. 
2643. 

66796. 

53055. 

1.7089 
1.6816 

15 
16 

40000. 
40000. 

23497. 
25856. 

14410. 
13039. 

2988. 
3381. 

40395. 
42276. 

1.6376 
1.6013 

17 

18 

40000. 
40000. 

10750. 
37249. 

11793. 
10675. 

3833. 
4353. 

26380. 
52277. 

1 .5459 
1.5326 

19 

.     20 

40000. 
^0000. 

3219. 
2054«. 

9659. 
3740. 

4957. 
5660. 

22935. 
34949. 

1 .4820 
1.4516 

21 

22 

40000. 
40000. 

238^6. 
10416. 

7903. 
7156. 

6432. 
7446. 

33236. 
25017. 

1.4280 
1.3915 

23 
24 

40000. 
40000. 

12147. 
78795. 

6475. 

5359. 

3580. 
9919. 

27202. 
94572. 

1  .2606 
1.4024 

25 
26 

40000. 
40000. 

55534. 
41055. 

5301. 
4797. 

11502. 
13377. 

72387. 
59229. 

1.4137 
1.4211 

27 

2b 

40000. 

•+0000. 

28196. 
31027. 

4340. 
3927. 

15602. 
18247. 

48138. 
53201. 

1.4130 
1 .4101 

29 
30 

40000. 
40000. 

12900. 
44700. 

3553. 
3215. 

21393. 

25141. 
2«607. 
34935. 

37847. 
73056. 

1.3941 

1.4085 

31 
32 

40000. 
•40000. 

9863. 
24659. 

2909. 
2632. 

42379. 
622^6. 

1.3972 
1.4022 

33 

34 

40000. 
40000. 

28615. 
2S500. 

2382. 
2155. 

41293. 
48386. 

72290. 
79542. 

1.4144 
1.4313 

35 
36 

40000. 
40000. 

14576. 
86675. 

1950. 
1765. 

57957. 
63797. 

74483. 
157236. 

1.4-V36 
1.5127 

SUM   =  1440000. 


983332 


733222, 


461773.   2178317, 
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ii .   Depreciation  Cost: 

Although  the  locomotives,  in  general,  have  a  better  and 
larger  resale  market  than  the  transit  buses,  the  design  of 
commuter  rail  rolling  stock  make  them  unsuitable  for  freight, 
or  inter-city  service.   The  resale  value  of  relatively  new 
locomotives,  therefore  is  only  theoretical,  or  a  book  value. 
A  convex  declining  curve_,  representing  the  resale  value  of 
locomotives,  was  developed  that  gave  26  percent  depreciation 
in  the  first  40,000  miles  of  service.   In  the  later  years 
the  rate  declines  rapidly  and  is  almost  zero  in  the  36th 
year  of  life.   The  depreciation  cost  in  year  t,  D(t),  is  given  by 

D(t)  =  MP^_^  -  MP^ 
where  MP   =  MP^  . (exp ( -0 . 2- (0 . 1  t) ) ) 

MP    =  Purchase  price  of  new  locomotive  in  1977, 
°     i.e.  $750,000. 

and     t   =  Age   of  locomotive  in  years. 


Annual  depreciation  costs  for  locomotives  are  given  in  Table  5.2, 


iii.  Reliability  Cost; 

Unlike  road  call  data  on  transit  buses,  little  information 
is  available  on  in-service  breakdown  of   locomotives.   The  need  for 
excess  fleet  to  substitute  units  in  repair  could  not  be 
determined.   In  fact,  the  Burlington  Northern  officials  said 
that  they  have  no  spares  and  must  use  all  the  units  during 
peak  hours.   All  repairs,  therefore,  are  made  in  off-peak  hours. 
The  Milwaukee  and  Burlington  Northern  officials  indicated 
that  there  are  no  reliability  problems  and  no  costs  associated 

-73- 


to  in-service  breakdown,  except  in  very  special  situations. 
The  railroad  officials  could  not  assign  reliability  penalty 
to  the  age  of  locomotives,  so  long  as  proper  maintenance  • 
procedure  were  followed. 

Without  reliability  costs,  the  data  on  maintenance  cost 
and  depreciation  suggest  locomotive  life  of  over  36  years  on  the 
basis  of  per  mile  average  cost.   Further,  local  experience  does 
indicate  high  maintenance  and  breakdown  problems   of  older 
equipment.   The  Burlington  Northern  with  older  equipment  is  being 
paid  more  per  mile  cost  for  new  off-peak  service  by  the  RTA  than  the 
Milwaukee  Road  with  relatively  newer  locomotives.   Our  brief 
survey  of  maintenance  also  indicated  relatively  more  maintenance 
activity  at  the  Burlington  Northern  than  at  the  Milwaukee  Road. 

To  compensate  for  the  high  maintenance  related  to 
equipment  age,  total  reliabilty  cost  equal  to  about  one-half 
the  cost  of  maintenance  was  assesed  over  a  span  of  36  years. 
In  addition,  for  each  year  of  service  of  the  locomotive  $100 
were  allocated  to  road  call  costs.   The  relaiability  cost  for 
locomotives  at  any  age  period  t,  R(t) ,  was  computed  by  the 
formula 

R(t)  =  (exp(+0.175  t)  100)  +  (100  t) 
where    t  =  Age   of  locomotive  in  years . 
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iv.   Average  Cost: 

Table  5.2  shows  that  the  per  mile  cumulative  average  cost 
of  locomotive  maintenance,  depreciation  and  reliability,  defined 
earlier,  is  minimum  in  the  23rd  year  of  use,  or  920,000  miles, 
and  is  equal  to  $1.36.   At  this  point,  a  decision  must  be  made 
whether  the  overhaul  cost  of  nearly  $150,000  should  be  incurred. 
On  the  basis  of  average  costs,  such  expenditure  is  not  justified 
and  the  locomotive  must  be  replaced. 

b.    Commuter  Rail  Locomotive  Replacement: 

In  this  section  the  locomotive  replacement  decision  is 
examined  using  the  LCC  approach  that  explicitly  considers 
replacements  under  four  conditions:   one,  cost  increase  equal  to 
discount  rate;  two,  discount  rate  of  3.2  percent  and  more; 
three,  cost  increase  of  5.0  percent  and  more;  and  four,  sudden 
increase  in  acquisition  cost  of  locomotive  of  33.3  percent. 
Table  5.3  lists  the  LCC  increments  by  selected  rates  of  cost 
increase  for  one  thru  36  annual  replacement  cycles  for  locomotives 
used  40,000  miles  a  year  constant  rate. 

i .    Cost  Increase  Equal  To  Discount  Rate: 

The  cost  increase  of  maintenance,  depreciation,  and 
reliability  at  the  same  annual  rate  as  the  discount  rate 
i.e.,  3.2  percent,  implies  that  the  net  time  value  of  money 
is  zero.   The  minimum  average  cost  also  minimizes  the  LCC 
increment.   In  this  circumstance,  the  locomotive  should 
be  replaced  every  23  years,  or  920,000  miles  at  an  average 
annual  per  mile  cost  of  $1.36. 
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ii.   Discount  Rate  of  3.2  Percent  and  More:  j 

If  prices  increase  only  as  much  as  inflation,  in  other 

words,  costs  do  not  increase  in  constant  dollars,  present 

dollars  are  worth  more  in  the  future.   It  pays  to  postpone 

expenditures  and  earn  positive  dividends.   The  net  effect  of 

positive  discount  rates  is  to  reduce  the  life  cycle  cost 

increments  and  increase  optimum  replacement  cycle. 

A  social  discount  rate  of  3.2  percent,  in  the  absence    Ii 

of  cost  increase  in  constant  dollars,  indicates  that  $45.42    i 

in  1977  can  support  an  annual  output  of  one  mile  to  infinity, 

for  a  locomotive  replaced  every  23  years,  or  920,000  miles, 

the  same  as  if  the  real  rate  of  price  increase  were  of  3.2 

t 
percent. 

If  costs  decline  by  6.8  percent  annually,  the  effective 

discount  rate  of  10  percent  reduces  the  current  investment 

requirement  for  one  mile  annual   output  to  infinity  to  $16.44. 

The  optimum  replacement  interval  increases  to  32  years, 

or  1,280,000  miles  at  40,000  miles  a  year. 

iii.  Cost  Increase  of  5.0  Percent  or  More: 

Increasing  cost  not  only  makes  maintenance  more  expensive 
but  also  increase  the  price  of  replacement.   However,  as 
observed  earlier,  a  significant  rate  of  cost  increase  is  genera 
required  to  shift  the  minimum  cost  replacement  life  miles. 
A  cost  increase  of  5  percent,  combined  with  3.2  percent 
discount  rate,  increases  the  annual  cost  but  suggests  replace- 
ment every  23  years,  the  same  as  if  no  cost  increase. 

-76- 


Ltf* 

1  <»ooao. 

2  3Q000. 

3  120C00. 
'  «  160000. 

5  zoooooT 

6  2<r0000. 

7  230000. 
3  320000. 
9  360000. 

10  *00000. 

U  *40000. 

12  ^80000. 

13  523000. 
l*  SoOOOO. 

15  60000"0- 

16  a<»0JJO. 

1 7  68000  0. 
13  720000. 


19   760000. 


20  aooocj. 


21  3*0000. 

22  330jd67. 

23  920000. 
2*   960000. 

~25  roOOOOoT" 

~2Tl."b'»oooQ7' 

27    1030000. 
23    1120000. 

29  11600C0. 

30  1200000. 

31  12'.0J00. 
~32  1280UC0. 

33  1320030. 

34  1360J00. 

35  L400000. 

36  1<.400CO. 


Tabl»  5-3 


LlfE      CYCLS      COST      INCREXDITS      FOR      COMMUTER      SAIL      LOCOMOTIVES      9Y 
ANNUAL      RATES      OP      PRICE      INCREASE 


P«r     MU«     Av«r«g< 

5726797330.^ 
3  687601660. 
3153C23170. ' 
2761613570. 
'246C846390. 
249482931C. 
2300480000. 
"2202707460.'" 
2097073730. 
1373334190.  " 
1915133440.  ~ 
191*753920- 
1976227530. 
1334356990.  ~ 
1902094030. 
1387067650. 
1779772670. 
1707948030. 
1744609790. 
^1402306406"! 
1551196160. 
1565626110. 
T507366-.00.  " 
1477573330. 
1492734980. 
1722340350. 
1,6494A8"60. 

1466536700.'!^ 

1670911230. 

1497799680. 

1709794050. 

1496863490. 

1732688130. 

1492030380. 

1703616730. 

15604=1790 . 


I  Annual  Cose 
'        5T" 

4601.9130 
"203  7. "27  10 
"2540.6111 

2252.3206 

'2017.7891 
1983.1279 

'  1332.4407 

""1758.3547 
1685.5020 
1560.4763 

"1526.9954 
1550.7039 
1566.9011 
1508.3694"" 
1503.5942 
1477.7383 
14 15. 20 24 
1335.2476 
1367.5342 
1271T5491 
1270.  1794 
1263.6970 

"l223-3  2  34~-)<' 
1242.2183 
1249.9019 

"1325.2795 
1302.9131 
1239.7063 
1295.2323 
1254.2202 
1305.5754 
1251.3123 
1323.4226 
1261.8892 
1338.3318 
13  L9.7<.o3 


«,    S750,000 
155.7869 
102.4898  ~~ 

97.1444 

78.2213 
~70.66  12  """ 

68.16  71 

63.44  19 

61 . 03  06    ~" 

53.9434 

56.1680 
"53.8163 

54.6743 

54.4649 
^53.6781   ~ 

52.3043 

51.5316 
'  50.1258 

49.7111 

48.46  15 


47.6783 
47.35  79 

46.1726 

">5.,174^ 

46.1854 

46.4366 

"46. -.140  " 

46.1913 

40.3726 

-.5.7117 

45.9226 

45.6669 

45.7065 

'.5.8777 

46. 1301 

46.3054 

»7.-.253 


at  ,> 1, 000, 000 


20^.3980 


134.4626 
112.7556 
lJJ.i759 
93.5  446 
83.3914 
33.3703 
73.9510 
73.9231 


70.3311 


6;. 3588 
0/.0221 
oa.a309 
a  5  .  a  1 4o 
64. jOS7 
a2.636l 
aa.d663 
63.1179 
58.3601 
57.4913 
J3.6072 
55.4763 
34.4926 
53.3475 
55.3996 


34.O903 
34.4935 
5-. 2112 
33.o9oo 
3j.7a3L 
53. J  714 
"l3.2329~^ 
3j.i33J 
53. -.716 


3  3.3392 

3J..  5577 


.4    « 


■.a.  I  715 


32. .2574 
27.a669 
25.  j350 


2^.3  750 
2t. 1315 


^3.3250 


23.1 590 
19.  3797 


1:1. 

.0860 

m. 

,  J  113 

la. 
la. 

,4390 
.j093 

18. 

,1132 

17. 

.8597 

17. 

,a519 

17. 

.3343 

17.2311 
17.0613 


16.9 177 


16. 6023 
13.  3a06 


1B.34U 

I3.a034 


la.a09l 


la. 3877 


la. 5438 
La. 3222 
la. -.761 
la. 4310 
la.-'-»92 
la. .413  * 
la.  -.448 
la. .337 
la.  ■.573 
la.  3 l9o    • 


-^      Mtnliwa  coie   r*olacaB«te   a«. 


-77- 


An  increase  of  8  percent  annually,  though  raises  the  minimum 
average  cost  retirement  age  to  28  years,  or  1,120,000 
miles. 

iv.   Effect  of  Sudden  Price  Increases: 

If  the  cost  of  locomotive  increases  to  a  million  dollars 
from  $750,000,  the  depreciation  costs  increase  relative  to 
maintenance  cost.   The  net  effect  on  minimum  LCC  increment 
is  to  lengthen  the  replacement  cycle.   Table  5.3  shows  that 
without  annually  increasing  costs,  the  increased  price  of 
locomotive  results  in  optimum  replacement  age  of  32  years, 
or  1,280,000  miles. 

c.    Summary  of  Results  and  Conclusion  -  Locomotive  Replacement 

In  the  foregoing  replacement  analysis  of  commuter  rail 
locomotives,  the  costs  of  maintenance,  depreciation,  and 
reliability  were  estimated  from  indirect  sources  since  a 
four-month  survey  of  maintenance  failed  to  identify  pattern 
of  costs  related  to  locomotive  age.   Annual  total  costs  for 
one  thru  36  years  of  life  of  locomotive  were  computed  based 
on  40,000  miles  annual  output.   The  LCC  increments  for  selected 
cost  increase  rates  from  -6.8  percent  to  8.0  percent  were 
examined  and  corresponding  minimum  cost  replacement  periods 
were  identified. 

The  following  summarizes  the  important  results  of 
locomotive  replacement  analysis: 
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i.    For  a  commuter  rail  locomotive  used  at  a  rate  of 
40,000  miles  annually,  the  aminimum  average  per  mile  cost, 
including  maintenance,  reliability  and  depreciation,  is 
$1.36  in  the  23rd  year  of  life,  or  920,000  life  miles. 
This  result  is  the  same  as  for  a  cost  increase  of  3.2 
percent  and  a  discount  rate  of  the  same  amount. 

ii.   If  a  moderate  cost  increase  of  5  percent  per  year 
in  constant  dollars  is  assumed  as  an  industry  norm,  the 
locomotives  should  be  replaced  every  23  years  while 
minimizing  the  LCC  increment.   An  increase  of  8  percent 
per  year,  however,  requires  the  locomotives  to  be  used 
for  28  years,  or  1,120,000  miles. 

iii.  The  declining  real  cost  of  6.8  percent,  or  a  discount  rate 
of  10  percent  increases  the  minimum  cost  replacement  age  of 
locomotives  to  32  years,  or  1,280,000  life  miles. 

iv.   A  sudden  increase  in  the  acquisition  price  of  locomotives 
to  a  million  dollars  will  require  to  lengthen  the  replacment 
cycle  to  32  years,  or  1,280,000  life  miles. 

v.    Despite  attempts  to  make  the  figures  on  locomotive  operation 
costs  as  realistic  as  possible,  the  lack  of  confidence  in 
the  figures,  especially  their  relevance  to  the  Chicago  region 
is  acknowledged.   The  maintenance  cost  data,  supplied  by  the 
Electro-Motive  Division  of  General  Motors  Corp.  that  manufactures 
the  locomotives  now  in  service,  appear  too  low  compared  with 
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actual  cost  experience.   If  actual  support  costs  are  indeed 
higher  than  suggested  by  the  EMD  estimates,  the  optimum 
locomotive  life  may  reduce  significantly  from  23  years. 

Understanding  of  the  reliability  cost  of  rail  equipment 
by  age,  as  manifested  in  high  cost,  or  in-service  break- 
downs, is  ciritically  lacking.   The  present  effort,  however, 
provides  a  groundwork  for  replacement  analysis  as  more 
reliable  data  become  available.   The  results  indicates 
significant  management  analysis  application  of  the  LCC  with 
replacement  approach  and  better  understanding  of  the  forces 
affecting  replacement/rebuilding  decisions. 
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6.    FUTURE  WORK  PROGRAM  IN  LCC  REPLACEMENT  ANALYSIS: 

The  LCC  analysis  presented  in  this  study  covers  most 
issues  in  determining  the  output  level,  replacement  interval, 
rehabilitation  and  selection  of  bids  of  transit  buses.   Many 
basic  analytical  and  mathodological  questions  have  been 
addressed  and  a  groundwork  for  decision-making  in  real  life 
environs  has  been  established.   The  biggest  hurdle,  in  practical 
application  of  LCC  analysis,  is  the  realistic  appraisal  of 
costs  associated  with  use  and  age  of  vehicles.   Although  the 
available  data  base  was  adequate  for  the  present  exploratory 
research,  significantly  improved  understanding  and  measurement 
of  costs  associated  with  reliability  standards  are  necessary. 

The  present  study  assumed  constant  annual  changes  in  costs 
that  may  not  be  found  in  real  life  situations.   It  is  interesting 
to  examine  cyclical  or  stochastic  growth  in  costs  of  maintenance 
and  purchase  price.   The  need  for  more  realistic  cost 
scenarios  cannot  be  overemphasized. 

Recent  UMTA  efforts  to  collect  and  analyse  bus  cost 
data  are  indicative  of  the  recognized  need  for  a  reliable  bus 
cost  data  base  (25).   The  LCC  analysis  based  on  actual  costs 
can  be  employed  to  many  management  problems  for  the  transit 
industry,  such  as  replacement  interval  for  the  vehicle  and 
its  subsystems,  selection  of  bids,  optimum  maintenance  level, 
relative  shares  of  subsidy  for  capital  and  maintenance  costs, 
and  evaluation  of  expensive  overhauls  and  rebuildings 
compared  with  replacement. 
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Many  of  the  issues  addressed  in  LCC  analysis  are  of 
national  importance,  such  as  subsidy  for  maintenance  versus 
capital  projects.   The  present  study  substantiates  the 
obvious  that  the  transit  agencies  financed  relatively  heavily 
for  new  equipment  compared  with  maintenance,  may  tend  to 
undermaintain  and  underuse  their  rolling  stock.   Evaluation 
of  the  advanced-design,  the  transbus  and  other  improved  buses 
on  the  basis  of  life  cycle  analysis,  as  presented  in  this 
paper,  would  be  helpful  in  formulating  criteria  in  financing  and 
subsidizing  transit  costs. 
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FOOTNOTES 


(1)  Simpson  and  Curtin,  Public  Transportation  Systems  in 
Northeastern  Illinois,  Summary,  1975.   Prepared  for  the 
Regional  Transportation  Authority. 

(2)  Road  call  cost  refers  to  the  cost  of  servicing  vehicles  that 
breaks  down  during  service  on  the  road.   Typically,  one  tow 
truck  and  two  people  must  be  sent  to  the  scene. 

(3)  The  LCC  analysis  approach  used  in  this  study  does  not 
require  any  assumption  of  depreciation.   If  the  total 
purchase  price  is  assigned  to  the  year  of  procurement, 
optimum  life  span  of  equipment  is  extended - 

(4)  Booz-Allen  Applied  Research  and  Simpson  and  Curtin, 
Transbus  Operational ,  Passenger,  and  Cost  Impact ,  July  1976. 
Prepared  for  the  U.  S.  Urban  Mass  Transportation 
Administration,  Washington,  D.C.  Transbus  Document  #TR-75-002. 

(5)  Vehicle  Series  Cost  Report  is  the  Chicago  Transit  Authority's 
regular  publication  describing  certain  maintenance  and  repair 
costs  by  bus  series  and  garages  for  13  four-week  periods  a  year 

(6)  Advanced  Management  Systems,  Inc.,  Life  Cycle  Costing 
for  Current  Rohr  and  AM  General  Buses  and  General  Motors 
RTS-II  Bus,  McLean,  Va . ,  Table  2,  July  1976. 
UMTA-VA-06-00  39-76-1. 

(7)  Ibid.,  Advanced  Management  Systems,  Inc.,  1976. 

(8)  Refer  to  GSA  publication  in  Bibliography.   Also  refer 
to  Section  3.c  for  a  review  of  relevant  literature  and 
an  outline  of  history  of  LCC  analysis. 

(9)  John  E.  Williams,   "Life  Cycle  Costing,  an  Overview," 
A  paper  presented  at  the  AIIE/AACE  Joint  Conference  on 
Life  Cycle  Costing :   A  New  Approach  to  Systems ,  Washington, 
D.C,  October  5-6,  1977,  p.  30. 

(10)  Life  Cycle  Costing  Workbook,  General  Service  Administration, 
Washington,  D.C,  February,  1977. 

(11)  D.  E.  Burkarte,  "RIW  as  a  Practical  LCC  Procurement 
Technique,"  Rockwell-Collins,  Cedar  Rapids,  Iowa.   A  paper 
presented  at  the  AIIE/AACE  Joint  Conference  on  Life 

Cycle  Costing:   A  New  Approach  to  Systems ,  Washington,  D.C 
October  5-6,  1977,  p.  18. 
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FOOTNOTES  (CONTINUED] 


(12)  William  B.  Tye,  "A  Capital  Grant  as  a  Subsidy  Device: 

The  Case  Study  of  Urban  Mass  Transportation,"  The  Economics 
of  Federal  Subsidy  Programs,  the  Joint  Economic  Committee, 
the  U.  S.  Congress,  Washington,  D.C.,  1973,  pp.  796-826. 

(13)  Edward  C.  Posner,  "Life  Cycle  Costing  with  a  Discount  Rate," 
Jet  Propulsion  Laboratory,  California  Institute  of 
Technology,  Pasadena,  California,.   A  paper  presented  at 
the  annual  conference  of  the  Operations  Research  Society 

of  America,  Philadelphia,  1976, p. 33. 

(14)  J.  Edward  Anderson,  "Life  Cycle  Cost  and  Reliability  , 
Allocation  in  Automated  Transit  Systems,"  High  Speed  Ground 
Transportation,  Vol.  11,  No.  1,  Spring  1977,  pp.  1-18. 

(15)  Op.  cit. ,  Booz-Allen  Applied  Research  and  Simpson  and 
Curtin,  July,  1976. 

(16)  Passenger  Transport,  American  Public  Transit  Association, 
September  9,  1977,  pp.  10. 

(17)  H.  R.  Kain,  G.  J.  Marks,  and  L.  A.  Staszak,  Life  Cycle 
Costing  for  Current  Rohr  and  AM  General  Motors  RTS-II  Bus, 
Advanced  Management  Systems,  Inc.,  McLean,  Va.,  July, 

1976,  p.  23. 

(18)  H.  Chaput,  P.  "Ottawa-Carleton  Transit  Procedure  for 
evaluation  of  Tenders,"   A  paper  presented  at  the  American 
Transit  Association  Spring  Conference,  Washington,  D.C., 
May  22,  1974,  p.  16. 

(19)  William  A.  Perkins,  Jr.,  Vehicle  Maintenance  and  Operation 
Reporting  Svstem,  Regional  Transportation  Authority, 
Chicago,  Illinois,  May,  1977. 

(20)  Ibid. ,  Vehicle  Series  Cost  Report,  the  Chicago  Transit  Authority 
June  12,  1976. 

(21)  Op.  Cit.,  William  B.  tye,  1973. 

(22)  The  maximum  replacement  age  for  a  transit  bus  was  determined 
20  years,  a  priori,  reflecting  an  opinion  that  a  20  year 

old  bus  is  ready  for  retirement,  irrespective  of  the  mileage. 

(23)  Michael  R.  Weinman  and  Carl  R.  England,  Jr.,  &  Son, 
"Explanation  of  Estimated  Life  on  Locomotives,"   September, 

1977.  Prepared  for  The  RTA. 

-84- 
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(24)  Barry  R.  Knight,  "Standard  Economic  Lifetimes:   A  suggested 
Method  for  Assessing  Transit  Capital  Needs,"   Northeastern 
Illinois  Planning  Commission,  Chicago,  IL.,  July,  1975, 

p.  14. 

(25)  In  1977  the  Urban  Mass  Transportation  Authority  awarded  a 
contract  to  the  Metropolitan  Suburban  Bus  Authority  in 
New  York  to  study  the  cost  of  bus  maintenance  over  many 
years  life  span.   Refer  to  Passenger  Transport,  American 
Public  Transit  Association,  September  9,  1977.  pp.  10. 
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APPENDIX      I 
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62.C01    FuRMAK/iX  ,•  INPUT    UATA  —  ANiMUAL     COSTS    bY    ANNUAL    M  IL  ES '// /Ia  ,  T  lo  , 
*'MAIN  VEHICLE' 


*/lX 


fT2,'YR 


.•,T9,'MI 
S'/lX.5u( 


LES  ', 119, 


MAINT.S' ,T29 , 'RO.CALL     S', 


DO 
REA 


61000    I 
Dili.  IL 


=  1,^0 


(  1  )  .t^MAINK  T  )  .RUDCrP(  I  t.hllELf.PI  T) 


1100 


FOR 
JUT 


MAT l^Fd 
MANd  )  = 


.0) 

(PMAINT( I 


l-i-FLFtCP(  II  1 


61000    WRIT £19,62000 ) I ,QM I LES ( I) , PM A I  NT ( 1) ,K JCCGP( I  )  ,FJELC? (I  ) 


t  =  <: 

kEA 


.7182.6 
u( 1,10  0 


)     PRICE.ALPhAl.ALPHA2,ALPHA3.ALPHA^.ALPHA5.MI LEYK 
0.2  ) 


100  F0k.*1AT(7F1( 
wRITE(9.1000)     PRICE  ,  ALPhAl  .  A  LPHA2  .  AL  PhA5  .  Al  ?HA-^-»AI   PH  AS.Mll   c^Yk 


1000       FORMAT (/IX , 'SPtCIFIcO    PURCHASE     PRICE    QF    NEa     VEnI 
^IX.  'SPECIFIED    ALPHAl     IS     '.FlQ.t/ 


CLE     IS', Flo. 2/ 


♦IX, 
»1X, 


'SPECIF 
'SPECIF 


lED 


ALPHA 
ALPHA 


IS 
X5_ 


,F1 
^_F1 


O.t/ 


*1X, 
*1X. 


•SPECIF 
'SPECIF 


lED 
lED 


ALPHA 
ALPHA 


■V    IS 
5     IS 


,F1 

xFl 


*1X,  'SPElIFIED    VEHICLE    YEARLY    MILEAGE     IS     ',F10.0/ 
REAL  (1,20^)     ISMlLc.  ISMAIN.ISRr^L.I.SRFLY 


20j 


FCR 
^RI 


MAT (tl 1 
T  E  (  9  , 2  0 


) 

001 


NUT(  ISMlLcfl)  ,NOT(  ISMAIN-H)  .NGT(  ISRFSL-H  ) 


2C00 


*NQT 
FCR 


(ISRELY 
MAT (IX, 


+  1) 

'MILES 


PtR     YEAR  ,vERg   '.A3.'  REAP  IN  AS  A  VFCT.IR'/ 


»1X, 
»1X. 


•mainTa 

'RESmLc 


iNENCt  CO 
VALJcS  V 


STS 


WERE 
'  »A3. 


',A3,'    REAO     IN    AS    A    VECTOR' 
'     RbAC     IN     AS     A     VFCTOR'/ 


/ 


*1X,  'RELlAilLITY    COSTS     WERE     ',A3,'    READ    IN    AS    A    VECTOR'/ 
»1X, 'SPECIAL    APPRECIATION    COSTS     ARE    ALWAYS    READ     IN    AS    A 


v.-CTOR'/  ) 


'    ' '  r 


READ(1,300)     T1,T2 
FORMAT (212) 


■3  o  Lu 


WRl 
FOR 


Tt( 9,30 
MAT ( IX, 


00)     T1,T2 

'LIFE    CYCLE     STARTS     ^ITH    YEAR     '.13/ 


kOO 


*1X, 

FOR 


•LIFE    C 
MAT ( FIO 


YCLE    ENDS 
.2) 


WITH    YEAR     • , 13/) 


60uOC    FCR 
00 


MAT ( IX, 
50    I=T1 


13, FIO. 2) 
,T2 


IF( 


ISMIlE 
I  SMILE 


,EC.O)     REA 
.ES.l  )    MIL 


DdC-^O) 
^S(  I)=MIL 


MILES(I) 

EYR 


CON 
CO 


TiNUE 
10    I=T1 


ill. 


1F(  ISMAIN.E^i.C)     REA  D(  2, -^-00  )     MAINT(I) 
IF(  1SMAIN.EQ.Q)MAINT(I  )  =  TOTMAN(  I ) 


IC 


IF(  ISMAIN.Ei.l)     CALL    COM FM  ( MAI N T ( I  )  , I ) 

CONTINUE 


00    20    I=T1,T2 

IF(  ISRESL.EQ.C)    R£A0(2,A-C0)     RESALEd) 


TM1LES=0, 
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L'G    ZV    J  =  TitI 


29             Ti«lILES=TMIL£S  +  KIL55  {  J  ) 
IF(  ISkESL.&Q.I)     call    CGMP01K:;SALE(  T1  .I.TMILE.S.AI  PHA^.PRICF) 


2G  CONTINUE 
DC    3a    I  =  TI.T2 


YCaSK  I)=PRlCt-KESALE(  I) 
IF(  I.Ew.]  )     CJ    Tu    37 


DEPR(i)=YCuST (l)-YCaST(I-l) 
37  DEP?.(1)=YCUST(1) 


36             CONTINUE 
DO    .30    I=T1.T2 


li-{  ISkELY.Etx.C)     READ(4,M.C0)     RELYC(l) 

IF(  ISRELY.Eg.ORELYCd  )  =  (  .  I»PMA  INT  (  I  )  )>RLiOC3P(  I) 


1F(  ISRELY.Ew.  1)    CALL    CuM  PR  ( ,^ELYC  (  I  )  ,  I  ) 
30  CONTINUE 


«RITE(9,fa0G00 ) 
aOOuO    FQRMAT(/IX , 'VECTOR    OF     SPECIAL    D EPRfcCI AT I3N '/ IX , ' YE AK '/ ) 


00    4-G    I^TI,T2 

READ(ot4uG)     SPECA( I  ) 

A-O  XKlTE(9,t>aOoO  )     I,SP£CA(I) 


URIT£( 9t90000) 


9CuOO    FORMAT  (  LHL, /2GX,  "ANiNiUAL    MILES»     MAINTENANCE,     DEPRECIATION,     R5LI 
*ITY    ANC    TOTAL    COST  ' /// 20  A,  T2Z ,  '  Y  EAK  '  ,T3  1  ,  'M I  LES  '  ,  T-*-I  , '  M  A  INT  »  $  ' 


*T31,'DEPR.S',T61,'REL.$',T69,'C0ST/YR.',T79,'AV£.C0STV) 
VIuGu    FORMAT  (  2GX,I2,5Xt5(Fa.0,2X),F8.4-) 


TMILES=G.O 

cuMCos=o.a 


DO    920Gu     I=T1,T2 

COSTYR (I )=MAINT(I)+DEPR( 1) +RELYC(I) 


TMiLES=TMiLES-t-MlLES  (  1) 
CUMCOS=CUMCGS-t-CCSTYR  (  I  ) 


AVERAGC I )=CUMC0S/TMILE5 
9ZuQG    WRITc(9,9lGQvj)  I  ,MI  L  ES  (  I )  ,MAINT  t  I  ),DEPR(I)  ,RELYC  (  I )  ,COST  YR  (  I )  , 


*AVERAG  il ) 
SUMMIL=0.0 


DC    93    I=T1,12 
Vi  SUMMlL  =  SUMr'llL+MILEi  (  I  ) 


SUMMAN=0.u 
DU    94    I=T1,T2 


94  SUMHAN  =  L.UMMAN-»-MAINT  (  i  ) 

SUMDEP=C.U 


DO    9b    I=TI,T2 

93  SUMDcP  =  SUMDEPi-DEPR  (  I  ) 


SUMkEL=C.G 
DC    96    I=T1,T2 


9o  SUMREL=SUMR£L+kELYC ( i) 

SUMTjT=O.C 


DO    97    I=TI,T2 
97  SUMT0T=5UMT0T>C0STYR(I ) 


«KITE(9,93 )SUMMiL,SUMHAN,SUM3EP , SUMR EL , SUM  TO T 
90  FORMAT(//20X, 'SUM        =• , IX ,5 ( F6 .0, 2X ) ) 


WRn£(9,12U) 
I2G  FORMAT (/I X,T2, • YEAR • , T 15 , • MA  INT .  •,T25, '  OEPRE.  ', 


*T3b,*  RzlI AB.',Tt9, •  S P . CEP  .  V  IX  ,T12 ,  '  FACTOR', 

♦T25,'  FaCIGR  '  ,T3d  ,  '  FACTOR  •,  T-»9,  •  F  ACTOR  ' /IX  ,  59(  '_'  )  ) 


rtKiTc( o, 101) 
ICl  FORMAT! '!•, 'LIFE    CYCLt    COST     I LCC  )'/// IX , T2,  • YR .', T 7,  • L I FE     • 


♦  T17,  'MAINT.' ,T25,«PURCh.  S  T34,  'TOTAL' ,T43,'RELb.  • , 
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»T51  .'SPECIAL '.762.  'LCL'.TTl.  'LCC'.T78.' AVE.     YR 
*/lX,T7,'MILcS'tT17,  "FUtLST^S,  •PKlCc«,T3-+,'3eP 
»T5I,'0b?r^£L.',To0.  ■  INCKMNT.'  .T79.'MILES'.Tb7.  ' 
*/lX,S-i.(  •_•  )  ) 
CG    '^Q    I  =  TI,T2 


.Tn7.'r'^-R     >ITt 


t^  • 


J- 


P'a;C.  •  ,T-,-3  ,  'CJST  •, 

LCC     I.MC.' 


KM=u 


KR-o 


PVM=G.u 
PVFPP=Q.Q 


PVD=0.0 
P\/RC=Q.J 


PVSA=0.0 
LCCI=G.U 


LCC=0 
TGTMIL=G.U 


YNilLtS=G.O 
wINDEX=G.G 


FLCCm=O.C 
CYLWAN=0. j 


FLCCC=O.G 
DEPCYL=G.O 


FLCCR=O.G 


FLCCS=G.O 
SPACYL=G.Q 


KXM=0 
KXi\=G 


K>XD  =  0 
KXS  =  Q 


tXTRAM=0.0 
fcXTRAD=C.Q 


EXTRAR=^G.a 
EXTf<AS=G.3 


PVFPP=(E**IALPhA3*I  ) )*PK  1C£ 

CO    60    \=1,5GQ 


K«M=(K.*I  )+i 
IF(nM.&T.500)     go    to     61 


FLCCM  =  FLCCM+(  £*'»((  ALPhAZ-ALPHAl  l*'^*!  )  ) 
GO  TO  bO 


6i     K.XM  =  50G-ii<»I  ) 
GO  TO  aOl 


6G  CaNTlNUfc 

601  FLCCM  =  FLCCi'^-t-I 


Ir(i<XM  .Eg.O)     GO    TO    600 
GO    o02    J=1,KXM 


60Z  EXTRAM  =  bXTRAM+{  £*♦  (  I  ALPm  AZ-A  LPH  A  1 )  *J  )  )  *MA  INT  (  J  ) 
EXTRAM=EXTRAM»( £^* (  ( AL PH A2-ALPH A  1 ) » ( SGO-K XM )  )  ) 


6GG    GCNTlNuh 
CO  603  J  =  T1,I 


oO^          C Y LM  AN  =CYlMAN+ (£*=*(  (  AL  Ph  AZ-ALPH  Al )  *J  )  )»MAINT  (  J  ) 
PVM=(  GYLMAN^FLGG.'-D-t-EXTRAi'^ 


PVM=PVM/500 

GO    70    K  =  Ij50C 


KC=<t<.*l  )+I 
IFIKG.GT.SGO)     GO    TO    71 


FLCCD=FLCCD+(  E**l  (  ALP hA3 -ALPHA  1  )  *i<.*I  )  ) 


APPEiNDIX  I-  P. 4 


GU    Tu    70 

71 

K,XG=i-00-l<»l) 
GO    TO    701 

70 
701 

CONTINUE 
Fi.CCD=Fl  CCD+1 

iF(NXD.tQ.O)     GO    TO    700 
CO    70?     J  =  }  ,1^X0 

70^ 

EATKAO=E:XTkAD-KE**  (  IALPHA3-ALPHA1)*J))*DEPR(J) 
tXTRAO=dXTRAD*(E**( ( ALPha3-ALPHA1) * ( 5C0-KXD ) ) ) 

70u 

CONTINUE 

DG    7C:j    j=Tl,i 

70^ 

D£PCYL=OEPGYL*(E**( { ALPHA3-ALPH Al ) *J ) )*CEPR( J) 
PVD=(DEPCYL»FLCCD)+EXTkAD 

PVD=PVD/500 
DO    bo    K,  =  1,5C0 

KK=tK*I  )  +  l 
IF(K.K.GT.5C0)     go    to    31 

1 

hLCCR=rLCCK  +  ( t**( ( ALPHAS-ALPHA  1 )*K*I ) ) 

GO    TO    8G 

ol 

KXR  =  ^00-(K.»1) 
GO    TC    fcOl 

to  CONTlNUc 

aCl  FLCCR  =  FLCCR■^1 


IF(r<;.XR.£C.O)     GO    TO     300 
DO    o02    J=I,lO<R 


.02  EXTrNA(<  =  EXTRAR  +  (E*«(  (  ALPH Am— ALPHA  1)  *J  )  )*RELYC  (  J  ) 

EXTkAR  =  £XTRAR*(E**(  (  ALPhA'^.-ALPHA  1)  »  (5GQ-KXR)  )  ) 


aCC  CONTINUE 

•DO    603    J=T1,I 


bQ3          KELCYL=R£LCYL  +  (  E**(  (  ALPH  AM--ALPh  A  1 )  *  J  )  )  *RELYC  (  J  ) 
PVRC=(RElCYL*FLCCR) >EXTRAR 


PVRC=PVRC/5C0 
DO    IVO    <=ljtOO 


K.S=(K*I)  +  I 
IF(<S.GT.500)     GO    TO     191 


FLCCS  =  FLCCS+(  £»*(  (  ALPHAS -ALP  hAl  )*K.*1  )  ) 

GO    TO    190  


191  KXS=5aO-(^*I) 

GO    TO    1901 


I'-fO  CONTINUE 

19ul       FLCCi>=FLCCS+l 


GO    TO     1900 
DO     1902    J  =  I,KXS 


19  w2       £XTRAS=EXTRAS-^(  E**(  (  AL  Ph  A5-ALPM  Al )  *  J  )  )*SP£CA  (J  ) 
EXT RAS=EXTRAi *(£**(  ( ALPH A5-A LPh A  1 ) * ( 50Q-KXS  > )  ) 


190G       CONTINUE 

uO    19Ci    J=T1,I 


19l3        SPACYL  =  SPACYL+lc**{  ( ALPH A5-A LPH A  1 ) *J )  )»SPECA( J ) 
PVSA=( SPACYL»FLCCS ) +EXTKAS  


PvSA=PVSA/500 

LCCI=PV,^  +  PVO  +  PVKC-^P  VSA 


LCC=PRlCt>LCCI 
DO     150    J=T1,I 


12k,  1GTMIL  =  T0TMIL  +  M1LES  (  J  ) 

YM1LE5=T0TMIL/I 


wINDbX=LCCI/Y.MlL£S 

VvRlTElbt201)I  ,T0TM1L,PVM  ,P  VF  PP  ,  PVD  tPVRC  >  PVS  A  t  LCo  1 ,  LCC  t 

»YMlLEStv«IND£X 
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2C1  FDRMATt/lX.l?.<^FO.J  .FlS.fcl 


rtRlThC^tllOI  ,FLCC.-1  ,FLCCD,  FLCCRt  FLCCS 
llL.  FORMAT  t/lx.l^. ax. ^F  12.7) 


VC  CGNTiNUt 


END 
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